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Abstract 
 
I 
Abstract 
 
2-Component-Metal Injection Moulding (2-C-MIM) is a technique derived from plastics 
industry which has been adapted to metal powders. By using this technology, the production 
of titanium parts combining dense and porous parts becomes possible. Such a structure with a 
gradient in porosity is attractive for biomedical implants, as the pores promote a mechanical 
interlock between bone tissue and implant material. The dense part of the structure is 
responsible for the mechanical stability of the implant. 
For the fabrication of metal parts with a gradient in porosity, feedstocks with and without 
space holder particles are employed. A 2-C-MIM machine and a specifically designed tool are 
used for the combination of these feedstocks in the same green part. After removal of the 
binder and space holder material, the parts are sintered and a structure with a gradient in 
porosity is obtained. 
First 2-C-MIM experiments were conducted with a standard binder system previously 
developed at the institute IEK-1 at Forschungszentrum Jülich. Results achieved with this 
binder system indicated binder-powder phase separation during injection, which occurred due 
to the low viscosity of the binder system used (0.15 Pa·s). The need for the development of a 
new binder system with a more suitable flowing behaviour became clear. Moreover, the 
partial debinding method employed so far (wicking) needed to be substituted by another 
method with a more industrial approach. 
New binder systems comprising a wide range of viscosity were developed, where the partial 
debinding method employed was solvent extraction in n-hexane. A binder system with a 
viscosity of 12.4 Pa·s was chosen for further investigations, due to the suitability of flowing 
behaviour of its feedstock. The viscosity of feedstocks was measured, where the use of space 
holder particles was found to decrease viscosity. After addition of stearic acid and 
optimisation of the solids content, feedstocks with 72 and 64 Vol.% solids loading (with and 
without space holder, respectively) were used in injection moulding trials.  
After optimisation of the injection temperature of feedstock, prototypes of titanium spinal 
implants with a gradient in porosity were successfully produced and characterised. The 
availability of the net-shape production of such implants by 2-C-MIM means a reduction of 
costs in case of large scale production, as compared to the fabrication method current 
employed (pressing and green machining). 
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Introduction and objectives 
 
1 
1 Introduction and objectives 
The human body is always subjected to diseases, where tissues or organs fail to function 
properly. With advances in medicine, sometimes the suitable treatment involves the 
introduction of artificial implants into the body. Much effort of scientists has been put on 
investigating materials which are able to fulfil the requirements for implantation into the body 
and to decrease recovering time of the patient after a surgery. The investigation of new 
structures which would alleviate patient suffering and make implant materials more accessible 
by reduction of production costs is of much interest. 
Titanium is a traditional implant material with proven biocompatibility to the body, corrosion 
resistance and mechanical performance. It has been already in use for implantation devices for 
decades, where one of the uses of the material is as bone substitution. In this case, good 
adhesion to adjacent bone tissue is crucial. The implant may be cemented in place using 
polymethylmethacrylate (PMMA), so that the actual interface with the bone is the PMMA 
material. Another alternative is to modify the implant surface and create an open porous 
network to promote bone ingrowth (osseointegration). This ingrowth promotes a mechanical 
interlock between implant and the bone, where pores in the range of 350-500 m are 
discussed to be preferrentially suitable for this purpose. 
Besides improving mechanical interlocking between bone and implant, the use of porous 
structures brings with it another advantage. The stiffness mismatch between bone and 
implant, which may lead to stress-shielding, is diminished by using porous structures. By 
choosing the adequate porosity, mechanical properties similar to the ones of the bone can be 
obtained.  
For load-bearing implants, a combination of a dense and porous structure or a gradient in 
porosity is often the best compromise to achieve sufficient stability and osseointegration. The 
porous part of the implant is responsible for promoting the osseointegration and the dense part 
for the mechanical stability.  
There are many methods of production of porous metallic structures, where gas-releasing 
foaming agents, physical vapour deposition (PVD) on cellular performs, spark plasma 
sintering (SPS), plasma spraying and the space holder method (SHM) are some of the 
methods employed. Hereby the space holder method highlights itself due to the good 
homogeneity of the porous structure produced, high porosity and shape control of the pores as 
compared to the other methods. In this case, porous titanium is produced by adding space 
holder particles to the metal powder particles, pressing and green machining to the desired 
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shape. After removal of the space holder particles, the part is sintered. A gradient in porosity 
can be obtained if powder mixtures with varying amounts of space holder material are 
combined during the compaction step. If a large number of parts are to be produced, the 
method is limited due to the mechanical machining of the parts. To overcome this, the 
development of a method which enables the net-shape manufacturing of porous titanium 
implants has been under investigation at the institute IEK-1 at Forschungszentrum Jülich 
during the last years, where the metal injection moulding (MIM) technique has been 
investigated in detail. 
The MIM technique enables the mass production of near-net-shape parts by the injection of 
feedstocks composed of a metal powder with a binder system. The method is similar to 
plastics injection moulding and enables the production of parts with complex shapes. After 
moulding, the part is partially debinded and sintered. Recently, the space holder method using 
NaCl as space holder has been adapted in combination to metal injection moulding at the 
institute IEK-1 at Forschungszentrum Jülich for the production of porous implants. By adding 
space holder particles to the feedstock, the near-net-shape production of porous parts with 
high porosities was made possible. After the partial debinding, a dissolution step for the 
removal of the space holder particles is added to the process. Up to now, the production of 
parts with simple geometries like cylinders or discs was investigated, where preliminary 
studies of the mechanical and biological properties of the materials were conducted. In these 
studies, the partial debinding method used was the wicking method, which consists in 
immersing the green part in a sand bed and removing a binder component by capillary forces. 
The method is laborious and thereby disadvantageous to the industrial operation. Further 
disadvantages are expected due to the low viscosity of the binder system used, which 
enhances the risk of separation of the binder from the powder particles in the case of more 
complex-shaped cavities.  
The 2-component-metal injection moulding (2-C-MIM) is a technique which enables the 
combination of two different feedstocks in the same part. By injecting feedstocks from 
different injection units, it becomes possible to combine different materials and produce parts 
with complementing characteristics. The combination feedstocks with and without space 
holder in an automated 2-C-MIM process would enable the near-net-shape production of 
implants with a gradient in porosity. This would be the only technique suitable for large scale 
production of parts combining homogeneous pore structure with control of pore shape, high 
porosity and near-net-shaping. 
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For the 2-C-MIM process, adjustment of the feedstock viscosity is crucial. Very low viscous 
binders are susceptible to binder-powder separation and difficulties during the injection 
moulding process. The phase separation leads to areas with high powder concentrations, 
which leads to sharp viscosity increase and clogging of the injection unit. On the other hand, 
very high viscous binders are not desired as well, as high injection pressures are required for 
moulding, what could bring difficulties during the process. For optimisation of the feedstock, 
knowledge of the flowing behaviour of the feedstock is important, especially when space 
holder particles are used. These particles are much larger than the metal powder particles used 
and their influence on the flowing behaviour is still unknown, especially if the tool comprises 
small channels.  
The aim of the present work is to manufacture titanium parts for biomedical applications with 
dense and porous areas by using the 2-C-MIM technology. Costs reduction is expected in the 
case of large scale production, when the new investigated technique is compared to the 
established production methods current in use. 
For the fulfilment of the challenges of this work, new binder systems which enable the 
incorporation of space holder particles and the replacement of the wicking method were 
developed. Impurity levels in the finished part were taken into consideration as well, due to 
the sensitivity of the titanium powder to impurity uptake. A detailed investigation of binder 
components and binder systems was undertaken, followed by characterisation of feedstocks 
with and without space holder particles regarding debinding behaviour, part dimensional 
accuracy after processing steps, chemical impurities, sintered microstructure and flowing 
behaviour of feedstock by capillary rheometry. 
After choosing the most promising feedstocks, the results were transferred to 2-C-MIM by 
manufacturing a prototype of a spinal implant. Hereby the geometry of a commercial spinal 
implant has been taken as a reference, where the implant dimensions were delivered by the 
company Synthes. The special challenge during the injection moulding process was the use of 
two injection units, with feedstocks with and without space holder particles in a fully 
automated process. The influence of the injection pressure during the MIM process 
optimisation and the sintering temperature of the implants were investigated. The implants 
were characterised regarding their dimensional accuracy, microstructure and impurity content. 
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2 Theoretical background 
2.1 Porous titanium as implant material 
Titanium and several of its alloys have been confirmed as one of the most effective groups of 
traditional biomaterials and are still the materials of choice for many implant applications [1]. 
Titanium is taken into account implantable devices due to its corrosion resistance and 
biocompatibility associated with mechanical performance. 
The body fluids are relative aggressive chemical media for a metallic component, what 
induces metal corrosion [2]. The release of metallic ions through the implant corrosion may 
influence the behaviour of cells, tissues and body metabolism and is therefore undesirable for 
an implant material.  
It is claimed in the literature that titanium is relatively inert and a corrosion resistant metal 
because of its self-passivating behaviour based on the formation of a thin (approximately 4 
nm [3]) surface oxide layer. This fact makes the material to be more inert than other metals 
used in the biomedical field, like 316 L stainless steel and cobalt-chromium alloys. The 316 L 
high grade steel, for instance, show always higher reactivity in cell culture (in-vitro tests) as 
well as after implantation in animals (in-vivo tests) when compared to titanium, which may be 
attributed to the higher corrosion level of steel in biological media [3].  
For bone applications, titanium has proved to fulfil the mechanical requirements to be in 
contact with bone tissue, including high resistance to loading, fatigue resistance and ductility 
[4, 5]. There are practically no areas of internal fixation where titanium would not be a 
suitable material. Where a higher strength level is required than reached by commercially 
pure titanium, titanium alloys such as Ti-6Al-4V or Ti-6Al-7Nb can be applied. 
Nevertheless, the stiffness of the material employed as bone substitution is of great 
importance. Implant materials which have higher stiffness prevent the needed stress being 
transferred to the adjacent bone, resulting in implant loosening and stress shielding [2]. This 
phenomenon occurs when the implant takes the load-bearing function over and avoids loading 
and unloading of the bone, which occurs in the natural course of body movement. As a 
consequence, the bone porosity around the implant increases and implant loosening takes 
place.  
The lower modulus of titanium alloys varying from 110 to 55 GPa compared to 316 L 
stainless steel (210 GPa) and chromium cobalt alloys (240 GPa) [5], is a very important 
advantage. Nevertheless, an ideal material for bone replacement is expected to have a 
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modulus still better adapted to that of the bone. The bone modulus varies in the magnitude 
from 4 to 30 GPa, depending on type of the bone and direction of measurement. 
The introduction of pores in the titanium structure would be an effective measure to adapt the 
elastic properties of the implant to that of the human bone. The stiffness mismatch between 
bone and implant, which may lead to stress-shielding, is diminished by using porous 
structures. By choosing the adequate porosity, mechanical properties similar to the ones of the 
bone can be obtained. The elastic properties of materials aimed for implant applications was 
suited for this purpose by adapting the porosity of the metallic structure [6-8]. 
In addition to the implant material, the construction of the implant device plays an important 
role to ensure long-term stability in the human body. It is always the desire that a stable 
interface between implant and bone is created, which is able to constructively react to the 
body physical and biological demands. There are different ways in which adhesion of the 
implant to the bone tissue may be achieved. These are listed below. 
 Cementation: This is the case for instance of hip replacements, which have to be cemented 
in place using poly(methyl methacrylate) (PMMA), so that the actual interface with the 
bone is the PMMA material [9]. In order to do this, the bone is machined so that a thick 
cement mantle can be subsequently applied. The cement is prepared at the time of surgery 
and inserted with syringes inside the bony implant bed after a cleaning step. The implant is 
introduced in the still flowing cement and, after a hardening step, the cement mantle is 
stable and provides anchoring to the bone. 
 Screw or press-fitting: This is the case, for instance, of dental implants, for which stability is 
achieved with a threaded root for mechanical integration [10]. Unlike the cemented 
variation, a direct contact between implant and bone tissue exists. The implant achieves a 
stable primary fixation to the bone by press fitting, and a secondary fixation of the prothesis 
takes place after some weeks due to osseointegration to the threads. 
 Geometrical construction: The implant for lumbar disc replacement is an example where the 
geometrical construction of the implant plays an important role for fixation. Lumbar discs 
are the largest articulated non-vascularised tissue in humans, statically and dynamically 
extremely loaded [2]. In a healthy spine, the function of a lumbar disc is to transfer the load 
from one vertebra to the other and to carry the movements of the spine together with the 
vertebral joints. The vertebrae and the bands of the vertebral arches together with the lumbar 
discs protect the spine from excessive shear, torsion and extensional loads, as well as 
excessive forwards and backwards movements, as shown in Figure 1 (left). In some cases, 
lumbar conditions are associated with strong pain and the replacement of the lumbar disc is 
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the most adequate treatment option. There are different concepts of lumbar disc implants, 
under which one of them is the PLIF-implant (posterior lumbar interbody fusion), shown in 
Figure 1 (right). Those implants are named after the implantation method and show often a 
structure like a cage, which is designed to promote the ingrowth of bone tissue into the 
implant. To improve this ingrowth further, the inside part of the implant may be filled with 
autologous bone tissue.  
 
 
 
 
 
 
 
Figure 1: Left: Schematic drawing showing how the vertebrae and the lumbar discs provide resistance 
against: shear (S), compression (C), torsion (T) and inflexion (M).  Right: PLIF-implants for lumbar disc 
replacement. [2] 
 
 Open porosity on implant surface: Another alternative to promote bone ingrowth into an 
implant is to modify the implant surface and create a meshwork of interconnected pores in 
the structure. Examples of established products available which rely on open porosity for 
osseointegration are porous hip replacement cups and knee protheses of the company 
Zimmer [11]. The pores create a mechanical interlock between implant and bone. It is 
reported that pores in the range of 350-500 m [10] are preferentially suitable for this 
purpose for titanium implants. In a in vivo study [12], porous blocks of titanium with pore 
sizes in the range of 300-500 m and porosity in the 40-60% range delivered better results 
as titanium fibre mesh cylinders with pore size from 50 to 450 m with the same porosity. 
Another in vivo study [13] showed that pores sizes with minimum 100 m allow bone 
ingrowth into ceramic implants, but pore sizes larger than 150 m are required for formation 
of osteon (cylindrical fundamental structures of the bone). For cobalt-based alloy implants, 
pore sizes in the range of 50 to 400 m provided the maximum fixation strength in the 
shortest time period in implantation in dog bones [14]. It is also reported that pore sizes of 
about 450 m are required for the ingrowth of blood vessels and 100 m is the minimum 
pore size for the ingrowth of connective tissue cells like osteoblasts, as shown in Figure 2 
[2].  
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Figure 2: Schematic drawing of blood vessels and tissue ingrowth into the implant structure [2]. 
 
Besides improving mechanical interlocking between bone and implant, the use of porous 
structures brings with it another advantage. Adaptation of the elastic modulus of the material 
so that it is closer to that of the bone is possible by choosing the adequate implant porosity, as 
it was mentioned previously.  
For load-bearing applications, it is often the case that a wholly porous structure does not fulfil 
the mechanical requirements and a structure with a porous coating on a dense substrate or 
with a gradient in porosity is needed [15]. In this case, the dense metallic part is responsible 
for the mechanical stability of the implant.  
2.2 Fabrication methods of porous metals 
There are different ways of production of porous metals. The main methods described in the 
literature are listed below [16, 17]: 
 
1) Gas in the metal melt: The technique consists in bubbling a gas into the metal melt and 
allowing the material to solidify. Special viscosity raising agents are needed in order to 
stabilise the foam. A variation of the method consists in dissolving hydrogen gas in the 
liquid metal under pressure and solidifying the material, using the eutectic point of the 
mixture to deliver hydrogen-filled pores. 
2) Gas-releasing foaming agents: A foaming agent (usually TiH2) is added to the metal melt 
and begins to decompose. Large volumes of gas are formed and viscosity raising agents 
are needed as well. Foaming agents may also be added to the metal powder. The mixture 
is then compacted and the material is heated up inside a mould with the desired final 
geometry.  
Ingrowth of tissue or 
differentiated cells like 
osteoblasts  
(pore sizes ca. 100 m) 
Ingrowth of blood 
vessels  
(pore sizes ca. 450 m) 
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3) Entrapped gas expansion: The metal powder is sealed in a canister which is subsequently 
evacuated, filled with argon and consolidated to a high relative density by hot isostatic 
pressing (HIP), causing a reduction of pore sizes and a strong pressure increase. A rolling 
step is introduced to refine the structure and create a more uniform distribution of small 
pores. The final step is the expansion of the entrapped gas by heating up the material to 
temperatures where creep processes become possible. 
4) Investment casting using polymer material precursor as template: An open-cell polymer 
foam template is selected. It is coated with a mould casting ceramic powder slurry, which 
is dried and the mould is heated up to harden the casting material and decompose the 
polymer material. The mould is filled with liquid metal and allowed to cool down. After 
removal of the mould material, the metal foam is left behind. Metal powder slurries can 
also be used, which are subsequently sintered.  
5) Metal deposition on cellular performs: An open-cell polymer precursor, previously shaped 
in the desired form, is placed in a chemical vapour phase deposition (CVD) reactor and 
after the desired metal layer has been deposited, the metal-coated polymer is burnt out. 
This results in a cellular metal structure with hollow ligaments. The ligaments are 
densified in a subsequent sintering step. The process allows the production of foams with 
the lowest relative density available (0,02-0,05). 
6) Metal powder or fibre sintering: Powders or fibres are compacted together and 
subsequently sintered. The sintering process is stopped in an early stage after formation of 
sintering necks. Pore size and shape are dictated by powder / fibre size and shape. Hollow 
spheres made by different methods (like vapour deposition of the metal onto polymer 
spheres or suspension coating of spherical polymer templates followed by debinding and 
sintering) may be used as well. 
7) Plasma spraying: Powder for coating is injected in a plasma gas stream produced by an 
electric arc. The powder is accelerated to a high speed, melted and impacted onto a 
substrate. Porous coatings with varying degrees of porosity can be created by adjusting 
spraying parameters.  
8) Combustion synthesis: The reactant powders are mixed and pressed. Metal powder fusion 
is obtained by an extremely rapid self-sustaining exothermic reaction driven by the large 
heat released by the synthesis. The reaction can be instigated through different methods.  
9) Rapid prototyping: The process, in form of three-dimensional printing (3DP), is used to 
obtain three dimensional parts from a computer model. It consists in a layered printing 
process in which the information for each layer is obtained by applying a slicing algorithm 
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to the computer model of the part. Parts are created inside a cavity that contain a powder 
bed supported by a moving piston by a layer thickness and filling the resulting gap with a 
thin distribution of powder. The powder particles are joined together by a binder material. 
In this way, a ceramic shell is created without the need of a wax pattern and one step of 
the standard lost-wax casting process is saved. Selective laser melting (SLM) and 
selective electron beam melting (EBM) are also rapid prototyping methods, in which the 
parts are generated by applying powder material layers in a printing process and 
selectively scanning the area with a laser or electron beam in order to melt the powder 
layer and create bonds between the layers. The latter processes do not use a binder 
material and are therefore especially suitable for oxidation sensitive powders as titanium. 
10) Electrodischarge compaction: Involves the application of an external current to assist 
powder consolidation. Also known as spark plasma sintering (SPS), under other 
denominations.  
11) Space holder method (SHM): A space holder material is mixed to the metal powder and 
the mixture is pressed together. After removal of the space holder, pores are left in the 
metallic structure. After sintering, porous parts with defined pore shapes, sizes and 
distributions are formed. 
 
The processing methods 1 and 2 usually result in random distribution of pore sizes, location 
and shapes. The use of the melt gas injection method for the production of porous titanium 
and titanium alloys is also very unlikely to be successful, due to the strong tendency of 
titanium to react with oxygen [18]. The techniques involving foaming agents are critical for 
titanium materials as well. Interstitial solution of hydrogen, as well as oxygen, which are 
introduced during foaming, embrittles the titanium matrix. Furthermore, the decomposition of 
TiH2 occurs too fast in metals with melting points higher than that of aluminium [16]. 
Although other metals are under investigation, methods 1-2 are nowadays restricted to 
aluminium and aluminium alloys production, due to the low melting temperature, which fits 
with the decomposition of TiH2 and the tendency of the aluminium material to not excessively 
oxidize. 
The method of HIPing by gas entrapment (3) is suitable for the fabrication of porous titanium 
structures but here the high costs of the HIP-process are an important issue [16]. The 
additional steps for homogenisation of pore distribution may also contribute significantly for 
economical inviability of the process. The fabrication of porous Ti-6Al-4V [19] and titanium 
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[20] materials were obtained by this method, where different heating cycles after hipping 
were investigated in order to study foaming kinetics. 
Methods 1-3 generate a closed-cell porosity. Although a closed porosity allows matching of 
mechanical properties of the implant to bone-like, it does not allow much bone ingrowth. The 
methods which deliver open-cell structures (4-11) are more attractive for implant applications 
with surrounding bone tissue. 
The casting method using polymer precursors (4) is also named replication and was already 
investigated for the production of porous titanium and titanium alloy structures with powder 
slurries [17]. It is reported that flaws in the titanium structure were present and were corrected 
after a second impregnation step. It seems that the technique is laborious when more 
mechanically stable structures need to be produced. The production of titanium foams by the 
replication method was investigated by another group as well, where the cost factor was 
raised as a concern for the commercial feasibility of the process [21]. 
Although the CVD process (5) is also suitable for titanium [16], the method involves many 
processing steps, which contributes to increasing of processing costs. The fatigue strength of 
the final product is also a concerning step [17]. The process has been employed for the 
fabrication of tantalum biomedical foams with a carbon core, which are commercialised under 
the trade name Hedrocel by the company Implex [22].  
The sintering of metal powder (6) has been studied for the production of porous titanium 
samples for implant applications [17]. Although porosities in the range of 30-50 % may be 
achieved, the mechanical properties of sintered metal powders are a concern. Regions of poor 
bonding after sintering have been also reported. Single spheres may lose from the matrix due 
to the notch effect produced by the sintering necks, what makes the material prone to crack 
propagation. When metal fibres are used to produce a porous coating, they must be compacted 
to a form prior to sintering, what is not necessarily the case if powders are used. In another 
study, the notch sensitivity was reported to be diminished by the addition of Si to assist 
liquid-phase sintering [8].  
Although titanium implants with increased surface roughness may be fabricated by plasma 
spraying (7), the method involves at least a two-step processing route, which increases the 
cost of the product [17]. Problems of contamination and the presence of impurity phases may 
also be an issue. Rough coatings were obtained by plasma spraying TiH2 powder, where 
improved bone-implant interface strength was confirmed by in-vivo tests [23]. In another 
study [24], where commercially pure titanium powder was sprayed, a gradual change in 
porosity was achieved, so that the elastic properties of the material would be more adapted to 
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that of the bone. Plasma spraying is an established surface modification process already 
employed for hip and knee protheses available in the market. 
Highly pure resulting foams are obtained with the combustion synthesis method (8), due to 
the expulsion of volatile impurities during the process. The final microstructure of the part is 
controlled by various processing parameters such as reactant particle size, use of binder 
material and compaction pressure [25]. The combustion synthesis method involves the 
reaction between the starting powder materials and is a established method for the production 
of NiTi alloys [26, 27]. Hereby the pore size, pore form, overall porosity and chemical 
homogeneity are difficult to control due to the fast evolution of the exothermic reaction 
between the starting materials. 
The rapid prototyping method (9) was investigated for the production of porous implants and 
it is claimed that parts with controlled size, shape and distribution of porosity as well as 
functionally graded parts were produced [17]. Although the method allows the production of 
ceramic shells without the need of a wax pattern, it is still a casting method, with the 
disadvantages brought with it, such as an individual ceramic shell for each casting. There are 
also dimensional limitations [28], regarding the minimum strength of the ceramic unit to 
withstand handling, the removal of powder from the ceramic and the pressure required to fill 
the small features during casting. The production of Ti-6Al-4V porous structures by selective 
electron beam melting (EBM) [29, 30] and the production of a porous interbody fusion cage 
for use as a spinal implant by selective laser melting (SLM) [31] were reported. Hip, knee, 
shoulder and spinal implants produced by the EBM method are commercialised by the 
company Arcam [32]. 
It is claimed that the electrodischarge powder compaction (10) method is suitable for the 
production of titanium implants with a functional gradient in porosity [17]. In a study for the 
fabrication of titanium dental implants [33], the sample was fabricated using a smooth surface 
cap with a beaded porous body. Although compressive and torque strength were reported to 
be adequate for the application, no fatigue tests were performed, which is a concern when 
porous layers in contact with a solid substrate are in use. In another study [34], samples with a 
relative dense core and a porous outer layer were produced, but lack of consistent internal 
integrity (voids) was reported. Moreover, final part complexity is limited, as the powder must 
be compacted in a form prior to the electro-discharge. 
The space holder method (11) is a method for producing porous implants with or without a 
gradient in porosity by powder metallurgy. By this method, suitable space holder particles are 
mixed with metal powder and, after removal of the space holder and sintering of the part, a 
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porous structure is formed. Pore sizes and total porosities up to 80% with homogeneous pore 
distribution and pore sizes from 0,1 to 2,0 mm may be achieved with this method [35]. Other 
authors investigated the fabrication of porous magnesium [36] and porous aluminium [37] by 
using the same principle.  
2.3 Metal Injection Moulding (MIM) 
The Powder Injection Moulding (PIM) is a technique derived from the conventional plastics 
injection moulding, in which the advantage of the complex shaping is transferred to the 
production of parts moulded with a mixture of binder and powder materials. This technique is 
suitable either for ceramic (Ceramic Injection Molding – CIM) as well as for metal powders 
(Metal Injection Moulding - MIM). Today, the process is mainly employed for the production 
of complex shaped parts, where high precision and productivity play a very important role.  
The main process limitation is the component size. The removal of the binder material is more 
difficult in larger parts, so that small parts are preferred. A typical steel component fabricated 
by PIM is a trigger for a sporting shotgun with a final weight of 40 g [38]. Direct competitors 
of the process are investment casting techniques or die compaction, if more simple geometries 
are to be produced. 
The MIM technique was developed at the beginning of the 1970s and has since then proved to 
be a promising process for the mass production of small and complex shaped metal parts [38]. 
The process is shown schematically in Figure 3: 
 
 
 
 
 
 
 
Figure 3: MIM-technique. 
 
The first step of the process is the fabrication of the feedstock to be injected. The chosen 
powder and binder are homogenised in a kneading machine at a temperature above the 
melting point of the binder system used. A detailed description of the state of the art of binder 
systems is given later in chapter 2.5. Normally, at least two components are required in order 
to achieve a compromise between suitable flowing behaviour, debinding availability and 
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mechanical stability. The resulting mass is granulated after cooling down, so that the 
feedstock is produced. As a second step, a powder injection moulding machine is used to 
inject the feedstock, so that the parts with the desired shape are formed. These parts are 
named green parts. The extraction of the first binder component takes place at the third step of 
the process, in which a thermal or solvent debinding is employed. After this step, 
interconnected pores are formed and the remaining binder assures the mechanical stability of 
the partly debinded part. As a last step, the rest of binder is thermally removed, where the 
binder-free sample is named brown part. At the final stage of thermal debinding, binder 
material is only present at the contact points of the powder particles and capillary forces hold 
the particles together until sintering starts [39]. 
The PIM process is a complex one and a successful production depends on several factors. 
The first one is the choice of starting materials. The powders used are normally small, to aid 
sintering and to provide homogeneous filling of small cavities. High packing densities are 
desired, so that homogeneous sintering shrinkage with low shrinkage values and high 
sintering densities are obtained. The typical size range of the particles is reported to be from 
0,1 to 20 [38] or 10 m in average [40]. Particles with near spherical shapes are preferentially 
used, to promote flow during injection.  
The binder material is normally wax and polymer-based, but other variations are possible. A 
very wide range of binder systems have been developed so far [41]. The binder system should 
be specifically chosen for the powder in use and its characteristics are one of the main factors 
which determine the success of the subsequent steps. Hereby, the amount of binder in the 
feedstock plays an important role. The optimal amount of binder is the one in which sufficient 
lubrication exists between the powder particles, so that the feedstock allows itself to be 
injected without major problems. It is believed that at this point all voids between particles are 
filled with binder material [38]. If insufficient binder is in the mixture, voids are formed and 
the viscosity of the feedstock is too high for it to be injected. On the other hand, if too much 
binder is used, problems during debinding may occur and a homogeneous sintering shrinkage 
is impaired.  
The injection process itself is very complex as well, as many parameters may be varied and 
operator experience plays an important role for a successful production of the parts [38]. The 
feedstock is injection moulded in the desired shape by heating in the mould machine and hot 
ramming it under pressure into the tool cavity. Some of the process parameters can be 
distinguished as the most important ones, such as the temperatures inside the barrel, the 
injection temperature, the mould temperature, the charging volume, the injection volume flow 
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rate, the injection pressure, the holding pressure and holding time. A special hardened screw 
for powder injection moulding inside the injection unit in the machine promotes the transport 
of the mass with a defined velocity to the injection nozzle. Figure 4 shows the stages of the 
moulding operation. In plastication, the screw rotates and transports molten feedstock up to 
the nozzle. In the moulding stage, the screw acts as a plunger with a rapid forward motion that 
forces feedstock flow through the nozzle as a check ring seals against the screw tip.  
Inside the barrel, there are four heating zones, which can be independently regulated. The fifth 
heating zone is at the injection nozzle, where the injection temperature is defined. The 
charging volume is defined by the position of the screw inside the injection unit. The injection 
volume flow rate is defined by the velocity of the displacement of the screw, which can be 
stepwise regulated. When the defined charging volume is achieved, the mass is pressured with 
the defined holding pressure and time. The holding pressure can be also stepwise regulated, 
where up to ten subsequent holding pressures with different holding intervals can be defined. 
Its main objective is to compensate the shrinkage of the injected part while cooling down. 
Another important parameter is the mould temperature. It is externally regulated by a 
circulating oil thermostat, where a direct control of the mould temperature is possible with a 
thermocouple element. 
 
 
Figure 4: States of the screw in the barrel relating to plastication and injection states [38].  
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2.4 2-Component-MIM 
In the plastics industry, different materials are often combined so that the optimal properties 
of each material can be used in the finished part. The technologies involved are much 
specialised and specially constructed injection moulding machines are necessary, in which at 
least two injection units are required. Malloy [42] generally named the process as „Co-
Injection Moulding“, in which at least two subcategories can be differentiated, as described 
below. 
A toothbrush and a computer keypad are examples of parts which can be produced with the 
„2-Component-Injection Moulding“ or „2-Colour-Injection Moulding“ techniques. The 
process is essentially the injection of one component after the other, in which part of the 
mould is moved or turned after the injection of the first component. The second component is 
subsequently injected over the previously injected part.  
Another subcategory of the „Co-Injection“ process is the „Sandwich-Injection-Moulding“. By 
this method, the first mass is injected in the mould cavity by an injection unit, so that an outer 
skin is formed. Immediately afterwards the core of the part is formed by the injection of the 
second mass by another injection unit. Both masses are hereby injected through a common 
valve, which controls the separation of both materials.  
Another author [43] names the combination of materials by injection moulding as 
„Inmoulding“ or again as „2-Component Moulding“. Hereby many subcategories are cited: 
two-colour, paint coating, decorating, inmould assemble, two-laminate, two colour rotary, two 
colour shuttle, double daylight, inmould labelling, in which overmoulding is the basic 
principle. Hereby is the „Insert Moulding“ process described, in which pins, studs, connecting 
parts or other components are inserted in the mould cavity before the injection, in order to 
spare post processing procedures in the finished part. 
In summary, the denominations of the different techniques overlap in the literature and there 
is no general agreement between the authors about it. Also different denominations may be 
found in other sources. 
Some of the techniques described above for the combination of plastic materials were 
transferred to PIM recently. In the literature, three main methods are described for the 
combination of different powder materials via injection moulding: the “Overmoulding”, the 
“Sequential Injection Moulding” or “Insertion Injection Moulding” and the “Co-injection 
Moulding” or “Sandwich Injection Moulding”. “2-Component-MIM” (2-C-MIM) is the 
general denomination for the aforementioned techniques, when metal powders are used. 
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Overmoulding 
 
By the “Overmoulding” method, a powder injection moulding machine with two injection 
moulding units and a mould with a rotation device is used. As a first step of the process, a 
green part is produced in the mould cavity. The mould then opens and the second working 
position is achieved after a mould rotation of 180°. After closing of the mould, the first green 
part is in the second working position for the injection of the second component, as shown in 
Figure 5. The method was used for the investigation of the combination of stainless steel and 
carbon steel [44, 45]. Based on dilatometry studies of the sintering shrinkage, the investigated 
material systems enabled the production of defect-free parts. 
 
Figure 5: Schematic illustration of the overmoulding PIM-process [45]. 
 
Another variation of the “Overmoulding” technique is when only part of the mould is moved 
or pulled after the injection of the first component. This principle was used in a study where 
different porcelain feedstocks were combined [46]. But, in this case, delamination problems 
occurred already in the green state and sintering defects such as cracks were also present at 
the interface between the materials. The technique was also studied to combine ZrO2 and steel 
feedstocks [47], where good adherence of the materials was achieved after dilatometric 
studies. Another study involved the production of parts composed of different steel feedstocks 
[48]. Hereby the mould also allowed the injection of the feedstocks at the same time 
(additionally to overmoulding). Both injection variations were studied in that work and 
problems related to the joint between the sintered materials were reported. 
 
Sequential Injection Moulding or Insertion Injection Moulding 
 
By the “Sequential Injection Moulding” or “Insertion Injection Moulding” process, a pre-
injected part is placed inside the mould and a second feedstock is injected in the remaining 
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cavity. The combination of masses with and without space holder for the fabrication of parts 
with a gradient in porosity was investigated by Nishiyabu et al. [49]. Titanium and steel parts 
with a gradient in porosity (gradation 0-30-65 %) with pore sizes from 10 until 180 m and 
PMMA as the space holder were produced. The disadvantage of the “Insertion Injection 
Moulding” is the need of additional steps in the process, as the insertion of the pre-injected 
green part in the mould for instance, what leads to longer production cycles. The problem may 
be overcome by the use of more machines in sequence with robot systems. 
 
Co-Injection Moulding or Sandwich-Injection Moulding 
 
By the “Co-Injection Moulding” or “Sandwich-Injection Moulding”, an enclosed core of 
material is introduced into an outer skin. Firstly the skin material is injected by the vertical 
injection unit into the moulding cavity, followed by the injection of the core material by the 
horizontal injection unit. Then a second injection of the skin material ends the cycle, so that 
the first component completely encapsulates the second component. In this way, the core 
material is unable to be at the surface of the moulded part and the sprue system is cleared for 
the subsequent shot. As the masses are injected very rapidly after each other, the difference in 
temperature between the injected materials is relatively lower as compared to the 
aforementioned processes, so that interface tension is less likely to happen. The cycle time is 
considerably lower as well. This process was investigated by some research groups. 
Nishiyabu et al. [49] produced parts with a gradient in porosity with both steel and titanium 
powders with particle sizes of respectively smaller than 9 and 24 μm and PMMA space holder 
particles from 10 until 180 μm. The sintered parts with a gradient in porosity are shown. 
Another group [50, 51] investigated the combination of different steel materials. Figure 6 
shows a green part produced by “Sandwich-Injection Moulding” with a outer skin of 316-L 
stainless steel material (particle size  0.5 μm) and a core of carbonyl iron (particle size  1 
μm). In the skin feedstock, 5% of alumina particulate phase has been introduced to confer 
improved wear resistance on the surface. The production of part-sintered parts without 
delamination is reported, but fully sintered parts are not shown in the cited work. 
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Figure 6: A green part which was produced by sandwich-injection moulding (core: carbonyl iron, outer 
skin: 316 L stainless steel and alumina) [51]. 
 
In the same study, a computer model was developed for “Sandwich-Injection Moulding” 
process for the system 316 L with aluminium oxide and carbon steel with the particle sizes 
mentioned previously. According to the model, the viscosity of the feedstock influences the 
ratio of the thickness between the outer skin and the core. It is mentioned that the powder 
fraction, the powder particle size and the backbone polymer can be specific selected to adjust 
the material to the desired ratio of the core and outer skin. 
 
2-Component-MIM with space holder particles 
 
The 2-C-MIM has been extensively studied in the recent years and its potential for the 
combination of different feedstocks has been proved. The choice of feedstocks and materials 
feasible for combination is a crucial step, so that delamination and sintering defects are 
avoided.  
The combination of the space holder method with the 2-C-MIM process makes the production 
of near-net-shape parts with a gradient in porosity possible, when feedstocks with and without 
space holder are combined. For this purpose, a special 2-C-MIM machine with two injection 
units and an automated mould are required. Figure 7 shows the process steps of 2-C-MIM in 
combination with the SHM. The first step consists in producing the feedstocks, one with and 
another without space holder particles. The powder material and the binder are homogenised 
in a kneader. The green parts are injection moulded and the space holder removed after the 
first stage of debinding. The parts are then thermally debinded and sintered. 
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Figure 7: Schematic drawing of the 2-C-MIM process in combination with the space holder method. 
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2.5 MIM feedstocks 
The MIM feedstock is the raw material of the MIM process. Its composition and processing 
procedure are therefore main factors leading to a successful production. In the next sections, 
an overview about the main issues concerning feedstocks; namely binder systems, debinding 
methods, solids content and flowing behaviour, are discussed.  
2.5.1 Binder systems 
The binder is a crucial constituent for the shaping of the part during the MIM-process, as it 
provides the flowability of the feedstock and a homogeneous distribution of the powder 
particles in the finished part. Moreover, the binder ensures the mechanical stability of the part 
until the beginning of sintering. 
Even though the binder is not present in a finished sintered MIM-part, it can influence its final 
characteristics. The homogeneity, the final density and the chemical impurities in a finished 
MIM-part are examples of characteristics which can be influenced by the binder system used. 
As a consequence, the mechanical properties of the finished sintered part can be influenced, 
among others. Therefore, the choice of the binder system plays an important role in the 
quality of a MIM-part. 
The most binder systems are composed of several components, in which the major features of 
the feedstock can be influenced by the addition of even small amounts of specific additives. In 
that way, a feedstock can be specially tailored for a specific application. 
There are at least five different types of binder systems discussed in the literature, which are 
listed below [38]: 
 
1. Thermosetting systems 
2. Water-based systems 
3. Gelatination systems 
4. Inorganic systems 
5. Thermoplastic systems 
 
Thermosetting polymers form cross-links among the molecules and become permanent rigid 
on heating. The recycling of the feedstock is not possible and reactions are generally slow, so 
that the time required to form a stable green part is relatively long as compared to feedstocks 
with other binder systems. The advantage of a thermosetting structure is the higher green 
Theoretical background 
 
22 
strength of the injected parts, but debinding times are normally longer. Although it is reported 
the investigation of epoxy resin and thermosets based on polycarbosilanes [52] as binder 
materials for PIM, the use of thermosetting compounds has been generally unsuccessful in 
industry, with only few exceptions [38]. 
Feedstocks with water-based systems solidify by a freezing process, where a slurry of powder 
and water is frozen in the die [38]. Simple freezing binder systems are composed of soap and 
water or starch and water. The water is removed by vacuum sublimation, what reduces the 
risk of crack formation. The advantage of the method is that the production of relative large 
parts is possible, but specially constructed MIM machines with special freezing moulds are 
required for operation. It is described in the literature that the process was developed by the 
company CPS - Ceramic Process Systems in USA, which validated the suitability of the 
method for its production cycle [41].  Despite of some patents [52], it is described that the 
process was put in operation in Europe only by the company IMPAC in France, in a 
cooperation work between CPS and Vallourec [41]. There are no other indications about a 
broader use in industry.  
In gelatination systems, a single large molecule that extends throughout the sample is formed 
[38]. Certain polysaccharides, polyaminoacids and synthetic polymers interact with water 
molecules to form gels. The advantage of the method is that the water can be removed easily 
in a conventional oven or by microwave drying and the use of water does not involve an 
anisotropic thermal expansion which may be associated with polymeric binder systems [41]. 
The limitations are low strength before drying, which hinders automatic ejection of the green 
part from the mould. 
Inorganic compounds are a variation of the water-based system, where a high concentration of 
sodium or ethyl silicate is added to the solution [38]. Inorganic silicate glass gels are initiated 
by exposing the solution to freezing temperatures, carbon dioxide, or an organic ester. The 
strong glass structures impart high green strength, but silica remains in the component after 
drying. The material to be sintered must be compatible with this contamination.  
Even though many variations are possible, the thermoplastic systems are the preferred ones in 
industry [38]. Normally a thermoplastic-based binder system is composed of a major 
constituent of oil or wax, a polymer material and an additive, which can be used for viscosity 
control, wetting of the powder particles or debinding assistance, for instance. In many cases, 
several constituents may be present and a component takes over more than one function in the 
system. Generally at least two components are present in a binder system, in which the major 
constituent (the first component) is removed in a first debinding step and the other one (the 
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second component) holds the powder particles together and ensures the part stability until the 
beginning of sintering.  
The first and second components of the binder system are often present in roughly equal 
proportions. Nevertheless, contents of the first binder content in the range of 20 to 80 Vol.% 
are described in the literature, and even at low contents in the range of 20 to 30 Vol.% are 
described to be enough to assure interconnectivity of this component throughout the green 
part [38]. This is necessary for allowing binder removal at the first stage of debinding and a 
sufficient porosity of the part for the escape of decomposition products during thermal 
debinding. 
The components must be at least partially soluble in each other, so that the mixture is 
homogeneous enough to be processed and to ensure the part stability. On the other hand, it is 
reported that the solubility of the components in each other can not be so high so that the 
molecules of the first component remain trapped in the system and can not be removed during 
the first debinding step [53]. An indication of the chemical interaction of polymer materials 
and its solubility in each other is the change in phase transition temperatures (such as melting 
temperature) of the component in the mixture as compared to the single component [54, 55]. 
Those are indicatives of the intersolubility of the binder components. 
Additive materials like stearic acid, oleic acid or vegetable oil are commonly used in PIM, 
being stearic acid the most widely used [38]. Those materials preferentially interact with the 
surface of the powder particles and reduce the contact angle by lowering the surface energy of 
the binder-powder interface. In this way, the viscosity of the feedstock may be reduced and 
higher powder loadings are allowed to be reached as compared to additive-free feedstocks. 
As waxes and thermoplastic polymers are the preferred materials used in PIM, a brief 
overview about these components is given below. An overview of the additive stearic acid 
follows the text. 
 
Waxes 
 
Waxes are normally composed of not only one component, they are rather complex mixtures. 
Functional groups like carboxyls, alcohols, esters, ketones and amides are found in waxes 
[56]. Waxes can be of natural or synthetical basis. Natural waxes can be used as binder 
components for PIM [38], like bee or carnauba wax. These waxes are composed of 
hydrocarbons with aliphatic esters, carboxylic acid esters are free alcohols. Although their 
properties are suitable for the use in the MIM-process, waxes of natural basis are generally 
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more expensive nowadays than synthetic waxes and, as a natural raw material, material 
properties and their availability are subjected to oscillations.  
The use of waxes obtained from crude petroleum in industry has been increasing continuously 
for two reasons: the increasing demand for lubricating oil with low pour points and the large 
proportion of paraffinic crudes in total crude oil production that have to be dewaxed for the 
production of lubricating oils [56]. This development has increased the need to find more 
industrial applications for petroleum waxes, which are by-products of lubrication refineries. 
Petroleum waxes are classified into two main branches: macrocrystalline waxes (paraffin 
waxes) and microcrystalline waxes (microwaxes). This classification depends on the natural 
occurrence and crystallinity of the material. Paraffin waxes originate from light and middle 
lubricating oil cuts of vacuum distillation. Microwaxes are obtained from residues from 
vacuum distillation and from sediments of paraffinic crude oil. 
Paraffin waxes consist predominantly of mixtures of straight chain alkanes and the molar 
mass range depends on the boiling point range of the lubricating oil distillate from which they 
are obtained. Paraffin waxes are generally insoluble in water and soluble in ketones, 
chlorohydrocarbons, petroleum spirit, benzene, toluene [56] and in n-hydrocarbons as hexane 
and heptane [57]. The solubility decreases markedly with increasing molar mass of the wax, 
whereas its melting point increases with increasing molar mass. Paraffin waxes are normally 
unreactive under normal conditions, but oxidation may occur in presence of oxygen and 
catalytically active metals. They have a C-number distribution of n-alkanes from 18 to 45 
[56], but even the lower boiling point fractions of petroleum contain varying amounts of other 
hydrocarbons, namely cycloalkanes and aromatic compounds, which could be present in 
paraffin wax as well [58]. The main characteristics and chemical composition of various 
paraffin waxes are shown in Table 1. 
 
Table 1: Main characteristics and chemical composition determined by mass spectrometry of various 
paraffin waxes [58]. Differences in materials A-F originating from different distillation cuts from crude oil 
and refining processes. 
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Microwaxes are, on the other hand, more reactive than paraffin waxes because of the higher 
concentration of complex branched hydrocarbons with tertiary and quaternary carbon atoms 
[56]. Their C-C bonds are not very thermally stable on prolonged heating. 
Another type of synthetic waxes, which is not coming from oil distillation, is polyethylene 
wax. High-pressure polyethylene waxes are produced, like high-pressure polyethylene plastic, 
at elevated pressures and temperatures in the presence of radical formers. The process will be 
described in detail in the next section. The difference between polyethylene plastics and 
polyethylene waxes lies on the molar mass. Polyethylene waxes have molar masses 
considerably lower than that of plastics. The molar mass range is adjusted during 
polymerisation by addition of regulators. The Deutsche Gesellschaft für Fettwissenschaft 
(DGF, German Association for Fat Science) definition of wax gives the approximate 
boundary of ca. 37,000 g/mol (weight average molecular mass wM ) for the highest molecular 
mass for waxes. High-pressure polyethylene waxes with molar masses between 3,000 and 
20,000g/mol dominate the market. Like other waxes, they also dissolve in nonpolar solvents 
(aliphatic, aromatic and chlorinated hydrocarbons) on heating. 
Beyond the natural and synthetic waxes, there is the intermediate group of partially synthetic 
waxes [56]. If natural waxes or wax like materials are modified by chemical reactions such as 
estearification, amidation or neutralisation of acidic waxes, partially synthetic waxes are 
obtained. The group of amid waxes fall into this classification. This group consists of reaction 
products of fatty acids with ammonia, amines and diamines. One of the waxes which fall in 
this category and is used as a lubricant in the powder metallurgy industry is n,n’-1,2-
ethanediylbis-octadecamide, which is an amide wax commercialised under the names of 
Plastflow, Synthewax or Wax C [59]. Its molecular structure is shown in Figure 8. 
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CH3 – (CH2)16 – C – NH – CH2 – CH2 – NH – C – (CH2)16 – CH3 
Figure 8: Molecular structure of n,n’-1,2-ethanediylbis-Octadecamide [59], which is used as lubricant in 
the powder metallurgy industry under the trade name Wax C, Synthewax or Plastflow. 
 
Thermoplastics  

Thermoplastics is the generic denomination for plastics which yield solid materials by cooling 
of a polymer melt (a physical process) and soften while being heated, in a reversible shaping 
process [60]. Thermoplastic materials such as polyethylene, polypropylene or polybutadiene-1 
do not contain oxygen in their chemical structure and are named polyolefins [61].  
Polyethylene is the most widely plastic material used worldwide and is derived from the 
polymerisation of ethylene [61]. Its molecular structure is shown in Figure 9, where the 
typical wM  is in the range of 130,000 to 200,000 g/mol. 
 
 
            – C – C –  
 
Figure 9: Molecular structure of polyethylene. n = 4600-7100 
 
Despite ethylene’s simple structure, the field of polyethylene is a complex one with a very 
wide range of types and many different manufacturing processes. Polyethylene derives from 
the polymerisation of ethylene and is classified into several categories, based mostly on its 
density and molecular branching. Low-density polyethylene (LDPE) has a random long-
branching structure, with branches on branches. The molecular mass distribution (MMD) is 
moderately broad. Linear low-density polyethylene (LLDPE) has branching of uniform length 
which is randomly distributed along the chain, with fairly narrow MMD. High-density 
polyethylene (HDPE) is essentially free of both long and short branching. The MMD is 
typically of medium width. The branching of the molecules influences the crystallisation 
process, as the side branches are excluded from the crystalline region because their geometry 
is too different from that of the main chains which form the crystalline lamellae. That is the 
reason why the branched molecules have lower densities than the branching-free materials. 
The measurement of the density of the material is a means of determining its degree of 
O O 
H H 
H H 
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crystallinity. The different molecular structures and the lamellar crystal of polyetyhlene are 
shown in Figure 10. 
 
 
 
 
 
 
 
 
Figure 10: Left: Schematic molecular structure: (A) Low-density polyethylene, (B) Linear low-density 
polyethylene, (C) High-density polyethylene. Right: Folded chain lamellar crystal of polyethylene. [61] 
 
Polyethylene manufacturing processes are usually categorised as high-pressure and low-
pressure operations [61].  
The high-pressure process results in the low-density materials and was the first way of 
synthesising polyethylene ever discovered back in the 1930s. The polymers made this way, by 
using free-radical initiators, are partially crystalline and densities in the range 0,91 - 0,92 
g/cm3 are obtained. A completely crystalline polyethylene material would have the density of 
1,0 g/cm3, but the lower densities obtained are due to the branching of the molecule, produced 
by side reactions at high temperatures, typically around 220°C. The pressure may vary from 
150-200 MPa in an autoclave or 200-300 MPa in a tubular reactor.  
The low-pressure variation, discovered in the 1950s, uses catalysts which allow the 
production of high-density polyethylene. The polymers made this way are more crystalline 
and have densities in the range of 0,96 g/cm3. The reaction conditions are around 1,0 MPa 
pressure and temperature in the range of 80-90°C in an autoclave process and 3-4 MPa and 
100°C in a loop-reactor process. The catalysts employed are named coordination catalysts and 
allow the production of essentially linear polyethylene at low pressure and temperature. The 
most employed catalysts of this category are the Philips and the Ziegler-Natta catalysts. 
Metallocene catalysts were latter developed for improvements of the MMDs obtained. 
Polyethylene does not dissolve in any solvent at room temperature, it only dissolves above its 
melting point in aromatic and chlorinated hydrocarbons. Although LDPE and LLDPE do not 
dissolve at room temperature, they may swell in certain solvents with deterioration in 
mechanical strength [61]. 
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Additives 
 
There are many additives which may be used in PIM industry. Even a binder solvent may be 
added to the mixture in order to decrease viscosity. Silicone oil may also be used to enhance 
lubrication. Although many additives are possible, stearic acid is the one most widely used in 
powder processing.  
Monomolecular layers of stearic acid on metal surfaces effect a pronounced reduction in the 
coefficient of friction [62]. In a work with ceramic powders, the incorporation of stearic acid 
into a feedstock reduced the iron content of the resulting ceramic from 2200 ppm to 1200 
ppm, due to decrease of abrasive wear during the mixing of the feedstock [63]. 
The molecular structure of stearic acid is shown in Figure 11. It is composed of a carbolixic 
acid group with a hydrocarbon tail.  
Adsorption phenomena mainly involve van der Waals type forces, but the use of materials 
with carboxylic acid groups makes possible a acid-basic interaction with basic oxides and 
stronger coulumbic adsorption forces [64]. Stearic acid interaction to alumina powder was 
verified by infrared (IR) spectroscopy [65], where the affects of stearic acid were a a 
reduction of the viscosity of feedstock by a factor of 20, minimised separation of binder from 
the powder during moulding, but a higher content of binder burnout residue was observed. In 
a study with XPS (X-ray photoelectron spectroscopy) measurements with carboxylic acid 
layers on oxidized metals for MIM, it was shown that stearic acid was adsorbed on metal 
powders with oxide layers [66]. Due to its hydrophobic hydrocarbon tail, it has the ability to 
interact to the polymer materials of the same nature and so the surfactant nature of stearic acid 
is demonstrated [67]. 
 
 
            CH3 – (CH2)16 – C – OH 
Figure 11: Molecular structure of stearic acid [59]. 
2.5.2 Debinding methods 
The goal of debinding is to effectively remove the binder without causing defects. The choice 
of a binder system is strongly dependent on the chosen debinding method. The debinding 
methods used in PIM are shown in Figure 12. The major methods include thermal, solvent 
and catalytic debinding, but other unique methods may be employed as well [68]. 
O 
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By the solvent method, the part may be immersed in a solvent bath, in solvent vapour or 
solvent condensed vapour. By the thermal method, the binder component is removed by 
vaporisation, decomposition or melting followed by extraction through capillary forces.  
In the case of a catalytic debinding, the atmosphere in which the part is immersed contains a 
catalyst for depolymerisation, so that the polymer molecules are decomposed during the 
process. This is the process developed by the company BASF [69], in which a polyacetal-
based binder system is depolymerised in the presence of an acidic gas and volatises as 
formaldehyde. 
Other unique methods exist, although they are not as prevailing as the methods previously 
mentioned. Unique methods include super critical debinding, thermosetting condensation 
process, freeze-drying and will not be discussed here. 
 
 
 
 
 
 
 
 
Figure 12: Overview of the various debinding techniques [68]. 
 
The solvent and the thermal debinding methods (including binder burnout and wicking) are 
described more in detail in the following text due to their relevance to the present work. 
 
Solvent debinding 
 
During solvent debinding, at least one binder component is extracted, so that pore channels 
are formed inside the part, providing pathways for the decomposing products to escape during 
the subsequent thermal debinding process. 
The parts may be immersed in the liquid solvent or are exposed to the solvent vapour or 
solvent condensed vapour [68].  In solvent vapour or condensed solvent debinding [70], parts 
are placed on a debinding tray and get in contact with the solvent vapour. Although the 
method has the advantage that fresh solvent is constantly replenished, debinding rates are 
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slower as compared to immersion in liquid solvent [68]. A typical solvent debinding curve, 
showing the loss of binder material as a function of debinding time is shown in Figure 13. 
 
 
Figure 13: Extraction data for solvent debinding. Binder: polyethylene glycol basis, stainless steel compact 
with 6 mm wall thickness [38]. 
 
According to German [38], the solvent debinding time is dependent on the section thickness 
and the debinding temperature as follows: 
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where: 
t = debinding time 
T = debinding temperature 
H = section thickness 
VB = fraction of binder to be removed 
 = binder solubility in the solvent 
́ = solids loading 
Q = activation energy of binder solution in solvent 
k = Boltzmann’s constant 
 
Higher debinding temperatures favour a fast debinding, as suggested in the formula above and 
confirmed in experimental studies in the literature [71], where the debinding temperature 
mainly affects the debinding time for periods shorter than four hours for the parts studied.  
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In another study [72], the effect of the molecular weight of the first component was studied, 
where lower molecular weights favoured a faster debinding. In the same study, reducing the 
amount of the second component (a thermoplastic polymer) accelerates the extraction process 
as well. 
Another solvent debinding model takes the volume to surface area ratio of the part in account 
for predicting solvent debinding times [73]. The model suggests that green parts having larger 
volume to surface area ratios require a longer time to debind. It predicts a similar debinding 
behaviour of parts with different geometries, but with similar volume to surface area ratios. 
The solvent debinding process can be considered a combination of two steps [73]. In the first 
step, the solvent creates pores by dissolving the soluble phase on the surface of the compact. 
In the second step, the solvent gets into the pores via capillary transport, thereby gaining 
access to the soluble material inside the compact. The dissolved material diffuses through 
tortuous paths of solvent-filled pores and leaves the green body. Under these conditions, 
dissolution or diffusion, whatever is slower, becomes the rate-determining step. In the early 
stage of debinding (before the formation of pores), the process is preferentially controlled by 
dissolution because the soluble material is easily accessible. As debinding proceeds, the 
portion of the part still containing soluble material is relatively far from the surface, making 
diffusion of the dissolved material through the solvent-filled pores the rate-determining step. 
Dimensional change may occur during solvent debinding and may lead to defects as cracking 
and slumping of the part. In a study with a non-contact laser dilatometer, dimensional changes 
of PIM parts during solvent debinding were evaluated [74]. The dimensional changes 
exhibited two stages, in which the first one is caused by the swelling of paraffin wax due to 
infiltration of the solvent in the wax microstructure. Swelling increases with paraffin wax 
density and lower solvent temperature. The final swelling is caused by the swelling of 
insoluble polymers and increases with increasing temperature and insoluble polymer content, 
decreasing solids loading and paraffin wax density. Increasing solvent temperatures increase 
the debinding rate. In the cited study, polypropylene (PP) and linear low density polyethylene 
(LLDPE) were used, which are more likely to swell in contact with solvents as compared to 
high density polyethylene (HDPE) [61]. 
Among the various solvents available, n-alkanes such as n-hexane and n-heptane are quite 
effective for wax-based binders systems [73] and the lower the carbon number, the higher the 
penetrating capability into the part [75]. 
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Thermal debinding – binder burnout  
 
During thermal debinding, the parts are heated up to the temperature where one of the low 
molecular weight binder components can decompose or evaporate while the other component 
remains solid [68]. When the first component is removed, the temperature is raised to 
decompose the second component. Very slow heating rates are usually required to avoid 
blistering, bubbling or cracking, which can appear if the pore channels achieved after removal 
of the first component are not sufficient to promote the release of decomposing gases.  
A typical thermal debinding cycle may last several days, which is the drawback of the method 
if it is employed alone. The combination of a solvent extraction or wicking as a first step of 
debinding, followed by the thermal debinding of the remaining binder, reduces the overall 
debinding time significantly. 
It is proposed in the literature [38] that with increasing debinding degree, two types of 
structure can be recognised in the part. In a first stage, pores are formed in the binder material 
between the powder particles (funicular state). In a more advanced stage, binder necks are 
formed between the particles (pendular state), as shown in Figure 14 below. The transition 
from second to third state takes place normally at binder contents of less than 20%.  
 
 
 
 
 
 
 
 
Figure 14: Schematic drawing of the structures during the thermal debinding process: a) completely filled 
with binder, b) funicular state, c) pendular state [38].  
 
Thermal debinding in air under atmospheric pressure is the oldest technique and still in use 
[68], where the binder is decomposed by oxidative degradation. Oxides are formed on metal 
powders surface, which may hinder sintering. Therefore, this atmosphere is mainly used for 
ceramic powders.  
Reducing atmospheres are preferentially employed for metal powders, where pure hydrogen, 
and hydrogen / nitrogen mixtures are used. Low pressure or vacuum may also be employed 
a) saturated 
binder vapour 
b) funicular c) pendular 
powder 
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during thermal debinding in order to increase the debinding rate. The thermal debinding may 
be conducted under inert gas flow, such as argon. The inert gas avoids contamination of the 
powder and sweeps away the decomposition products. The thermal debinding of titanium and 
titanium alloys MIM parts has been successfully performed under argon flow [7, 76].  
During thermal debinding, the structure of the molecule which is thermally decomposed is of 
great importance if oxidation sensitive powders are used. Polyethylene does not contain 
oxygen in its structure and is therefore less likely to contaminate metal powders during 
thermal decomposition. The decomposition of PE begins with the statistical break up of 
molecules to primary radicals, followed by unzip reactions to ethene at higher temperatures or 
formation of alkanes and dienes at lower temperatures [77]. Although the degradation of 
PMMA molecules has been reported to follow an unzip reaction leading to monomer 
formation [78], the presence of oxygen in the molecule may contribute to impurity uptake in 
oxidation sensitive powders like titanium. The formation of char as one of the degradation 
products has been reported as well [79], which additionally contaminates the moulded part 
with carbon. 
Strong contamination of powder material by PMMA is confirmed in a study with different 
binder systems for titanium and titanium alloys [80], where the influence of feedstock 
composition on the carbon and oxygen levels of the final products was investigated. The 
worst contamination level of oxygen and carbon in the final product were obtained when 
PMMA was used. The oxygen level reached 2.3 wt% and the carbon level 0.22 wt%.  
The binder vapour or the decomposed molecules leave the part through its pores either by 
permeation, if the system is under atmospheric pressure, or by diffusion, if the system is under 
vacuum. The difference between debinding by permeation and debinding by diffusion lies in 
the different length paths of the molecules through the pores during the debinding process. 
Both processes were already modelled, in order to determine the debinding times versus the 
binder systems employed [81]. In the cited work, an isothermal process and small molecular 
weight of the vapour molecules were chosen as boundary conditions. A schematic drawing of 
the employed model is shown in Figure 15: 
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Figure 15: Schematic drawing of the pore model for the debinding by permeation or diffusion [81]. 
 
The permeation controlled debinding is found more often in practice. Hereby the debinding 
time t can be calculated by using the following formula [81]: 
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             Formula 2 
 
where: 
H = thickness of the part 
P = pressure at the interface binder-vapour 
Po = pressure at the surface of the part 
G = viscosity of the vapour 
D = particle mean diameter 
F = ratio between the volume of the binder as solid and as vapour at the pressure P  
E = fractional porosity (inversely proportional to the packing density)  
 
The partial porosity E is dependent on the pore diameter R and the particle diameter D [81]: 
 
R = 0,306.E.D              Formula 3 
 
Formula 2 suggests that the debinding time is proportional to the vapour viscosity, the square 
of the part thickness, inversely proportional to the square of the particle diameter and 
inversely proportional to the pressure drop. The dependence on the porosity is complex. 
Figure 16 shows the porosity function (1-E)2/E3 versus the fractional density, in which the 
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strong dependence of the porosity at high densities is shown. This is an indication that parts 
with high packing densities are expected to be difficult to debind. 
 
 
Figure 16: Dependence of the porosity on the debinding time, shown as a function of the fractional density 
(or packing density) [81]. 
 
For a fast debinding, the parts should exhibit low thicknesses, large particle diameters and a 
high porosity. Moreover, high pressure gradients and high temperatures favour a fast 
debinding. 
Thermogravimetric analysis (TGA) is a useful method for determining the decomposition 
temperatures of the binder materials used and may be applied to predict debinding 
temperatures. In a study using TGA, it was shown that metal powders tend to catalyse the 
decomposition of polymers during thermal debinding [82]. 
In another modelling study [83], it was suggested that the total deformation of the part during 
thermal debinding is caused by the sum of the deformations caused by polymer content 
change, temperature change and internal pressure. During an initial low debinding rate period, 
the deformation caused by temperature increase controls the total deformation of the part and 
the part expands. During the subsequent high debinding rate period, the deformation caused 
by polymer content reduction dominates the total deformation and the entire part contracts. 
The deformation caused by gas pressure is minor in comparison during the whole process. 
According to the study, smaller powder particle size, higher powder loading, lower debinding 
temperatures, lower volume fraction of polymer in the binder system and a polymer with high 
viscosity will contribute to decrease the deformation of the moulded part. 
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Thermal debinding – wicking 
 
Wicking is classified as a thermal debinding method, by which the first component of the 
binder system is removed. By wicking, a capillary active material, like alumina sand for 
instance, is employed. The sand should have relatively fine pores, so that it absorbs the binder 
from the moulded part through capillary transport, like shown in Figure 17: 
 
 
Figure 17: Schematic drawing of the removal of the binder during the wicking process [81]. 
 
This method of debinding was already modelled and the debinding time can be calculated by 
the following formula [81]: 
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             Formula 4 
 
where: 
Ec = porosity of the part  
G = viscosity of the fluid 
H = thickness of the part 
Dc = mean particle diameter of the powder  
Dw = particle diameter of the wicking sand 
W = binder surface energy 
 
Theoretical background 
 
37 
This formula suggests that the debinding time is dependent on the square of the part thickness, 
analogous to the permeation model previously shown (Formula 2). The dependency on the 
porosity behaves the same way as in Figure 16. 
The deformation of the part by wick debinding was already investigated and modelled [84]. 
The lowest distortion was obtained with slow initial heating and low holding temperature, 
where the first and the second components are distinct separate phases and only the first 
component is in the molten state and is extracted by wicking. A temperature model which 
minimizes the deformation during debinding and maximizes the debinding rate was 
suggested. According to the model, there is a critical heating rate for debinding, which 
increases with increasing temperature. By following the proposed heating path, the degree of 
deformation of the part and debinding time would be minimised. 
2.5.3 Solids loading 
The amount of binder is a determining factor for a successful MIM process [38]. Too few 
binder leads to a high viscosity with voids in the feedstock, which brings difficulties during 
the moulding process. On the other hand, too much binder leads to distortion and shape loss 
of the moulded part during debinding and sintering. There is an amount of binder in between, 
which is the optimal amount for the feedstock. This amount is specific for a given powder-
binder system. The three possible cases are shown in Figure 18. 
 
 
 
 
 
 
 
 
Figure 18: Three possible situations in a powder-binder mixture: a) excess binder, b) critical binder 
concentration, c) voids due to insufficient binder [38]. 
 
Optimal feedstocks have a little bit less powder than the critical concentration. As a first 
guess, the powder content lies 2 to 5 Vol.% lower than the critical value [38]. The critical 
point is reached when all particles are close packed and all spaces in between are filled with 
binder. There are different ways in order to determine the critical point or the optimal solids 
binder 
a) excess binder 
powder particle 
b) critical c) excess powder 
void 
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loading of a specific feedstock. These include the measurement of the powder tap density, the 
feedstock density, the feedstock mixing torque or the feedstock viscosity. 
The simplest method of determining the amount of binder to be used is the measurement of 
the tap density of the feedstock. After compaction of the powder through tapping of the 
recipient, the tap density of the material is measured and, after dividing it by the theoretical 
density, the percentage of empty spaces in between the particles is easily calculated. In the 
feedstock, the resulting empty spaces must be completely filled with binder. As a 
consequence, powders that are able to pack to high densities require less amount of binder. 
Mixtures of powders resulting in a bimodal particle size distribution result in higher packing 
densities as compared to monomodal powders and, as a consequence, require less binder 
amount. A study of the effect of the particle size distribution on packing density [85] showed 
a highest packing density of 78 % for powders with bimodal distribution, compared with 65 - 
67 Vol.% for single distributions and 61 % for uniformly sized particles. 
Another method involving density measurement involves feedstock density, as shown in 
Figure 19. The feedstock density increases with increasing volume fraction of powder 
following the mixing rule up to a point, which is the critical loading of the mixture [38]. Here, 
the particles are in their closest packing condition and just enough binder exists to fill the 
voids between the particles. Beyond that point, the density of the feedstock decreases with 
increasing solids content, due to the formation of voids. At zero binder content, the measured 
density is the powder tap density. In a study about processing of a 316-L feedstock [86], the 
critical loading of the mixture was determined by this method, where the density started to 
deviate from the theoretical value at 65 Vol.% powder.  
 
 
Figure 19: Loading curve showing mixture density versus volume fraction of spherical nickel aluminide 
powder in a wax-polymer binder [38]. 
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Another method for determining the optimal powder content of a feedstock is by measuring 
the mixing torque. By torque rheometry, the mixing torque of the feedstock is measured for 
various powder-binder concentrations, where mixing torque increases with increasing powder 
content. A rapid increase in torque and an erratic torque signal are indications that the critical 
point has been reached. A typical torque against solids loading plot is shown in Figure 20. 
 
 
Figure 20: Mixing torque as a function of the mixing time at various levels of solids loading [38].  
 
The method was used for determining the critical solids loading of water soluble binder based 
systems, where the critical loading was found to be around 65 [87] and 71 Vol.% powder [88] 
for the steel powders investigated. In another study [71], where a paraffin-based binder 
system was used with titanium powder, the critical loading determined by torque rheometry 
was 58 Vol.% powder. The differences in the solids loadings obtained are due to the different 
powder and binder systems used. 
Capillary rheometry may be used for the determination of the optimal solids loading as well. 
The viscosity of the feedstock is measured at various solids loadings, where the viscosity 
increases with increasing solids content. The determination of the optimal solids loading of 
the feedstock by capillary rheometry brings the advantage of direct measurement of feedstock 
viscosity. Moreover, the flowing behaviour of feedstock may be investigated with this 
equipment up to shear rates typical for MIM, which may reach up to 100,000 s-1 [38]. 
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The mathematical model for the viscosity of feedstock described in literature is shown below 
[38]: 
n
c
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             Formula 5 
 
where: 
M = mixture (feedstock) viscosity 
B = binder viscosity 
A = coefficient representing the shear rate sensitivity and particle size effects, typically near 
one 
 = solids loading 
c = critical solids loading 
n = exponent found to be 2.0 for powder-binder mixtures typical for PIM 
 
The formula above is derived from the work of Maron and Pierce [89, 90], which is regarded 
as the best empirical expression available for the viscosity of suspensions in polymeric liquids 
[91]. The parameter c is related to the particle packing and has other denominations in the 
cited studies. 
The viscosity of feedstock increases with increasing solids loading, as Formula 5 suggests. 
With decreasing binder content, lubrication between particles decrease, which results in 
viscosity increase. When the binder amount is so low that particle-particle friction takes place, 
viscosity increases sharply and tends to infinity. At this point, the critical point of the mixture 
was reached, as shown in Figure 21. 
 
Figure 21: Viscosity versus solids loading for two powders. The coarser nickel aluminide powder has a 
higher packing density than the iron powder. [38] 
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An overview about feedstock flowing behaviour, rheology principles and capillary rheometry 
is going to be shown in the next section. 
According to literature [38], PIM feedstocks vary from 45 Vol.% solids loadings to high 
values near 75 Vol.% and a few demonstrations have pushed the solids loading up to 85 
Vol.%. Iron and steel powders are typically processed in the 58 to 62 Vol.% range. Powders 
with bimodal particle size distributions require less amount of binder, due to their higher 
packing density as compared to monomodal systems. 
Sometimes, binder systems are especially tailored for a specific application and to increase 
the solids loading. By reducing the amount of the second component in a PEG-PMMA binder 
system, it was possible to increase the solids loading when the PMMA amount in the binder 
system was reduced [72].  
2.5.4 Flowing behaviour and rheology 
As previously mentioned, it is of great importance to determine the flowing behaviour of the 
feedstock for a successful MIM process.  
Non-homogeneous flow and binder-powder separation tend to occur with feedstocks with 
very low viscosity, especially at higher shear rates or sharp direction changes [38]. As a 
consequence, non-homogeneous green parts may be produced, which tends to crack formation 
during debinding and sintering or poor mechanical properties of the sintered parts. In most 
severe cases, even injection may not be possible with feedstocks with phase separation. The 
viscosity increases sharply in areas with high powder-binder ratio, which leads to clogging of 
the injection moulding machine. On the other hand, a very high feedstock viscosity is also not 
desired, as masses with high flowing resistance require higher injection pressures to be 
injected, what could lead to problems during injection.  
The issue of the ideal viscosity of binder and feedstock is controversially discussed in the 
PIM community. German [38, 92] claims that the maximal binder viscosity should be 10 Pa•s 
and that the maximal feedstock viscosity should be about 103 Pa•s, in the shear rate range of 
102-103 s-1. Another author [93] suggests that the binder should exhibit very low viscosity, 
down to 0,5 Pa•s. Actually, the values found in literature should be used as a reference and 
not be taken as absolute values. Each system has its own requirements and the feedstock 
should be specially tailored for it. 
The flowing behaviour of a feedstock may be influenced by various parameters. The addition 
of stearic acid decreases viscosity and allows an increase in the solids loading [65, 72]. The 
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ratio of the binder components can be varied to modify feedstock viscosity and to make it 
more suitable for a specific application [51]. Different backbone polymer materials influence 
feedstock viscosity as well [88]. An increase in temperature usually decreases feedstock 
viscosity at a constant shear rate [38]. Feedstock viscosity is influenced by the solids loading 
as well, as discussed in the previous section. The powder size has also an effect on flowing 
behaviour, which will be discussed later in this section. 
The capillary viscometer is a useful device for determining the flowing behaviour and 
measuring the viscosity of the feedstock within the range of shear rate usually found in 
powder injection moulding, ranging from 100 up to 100,000 s-1 [38]. In order to understand 
the working principle of a capillary viscometer, a brief overview of rheology and viscosity 
measurement is shown. Due to the use of metal powder and space holder particles of very 
different sizes in 2-C-MIM, an overview about the effect of powder size on the flowing 
behaviour of feedstocks follows below. 
 
Rheology principles 
 
Considering a material placed between two infinite parallel plates (Figure 22), the bottom one 
being fixed and the top one subject to an applied force parallel to the plate, which is free to 
move in its plane. The material is assumed to adhere to the plates and its properties can be 
classified by the way the top plate responds when the force is applied [94]. 
The mechanical behaviour of a material and its mechanical or rheological properties can be 
defined in terms of how the shear stress yx (force per unit area) and shear strain yx (which is 
a relative displacement) are related. These are defined, respectively, in terms of the total force 
(Fx) acting on area Ay of the plate and the displacement (Ux) of the plate, as shown by 
Formulas 6 and 7 below: 
y
x
yx A
F
               Formula 6 
dy
du
h
U x
y
x
yx               Formula 7 
The manner in which the shear strain responds to the shear stress defines the mechanical or 
rheological classification of the material. For a rigid material, yx = 0, as it will not move at all 
no matter how much force is applied. If the material is purely elastic, the top plate moves a 
distance which is in proportion to the applied force and then stops. The correlation in this case 
is yxyx G  , where G is a constant if the material is linear elastic, or G is a function if the 
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material is nonlinear elastic. If the material flows continuously and does not stop, it is 
classified as a fluid. If it flows in such a way that the force is proportional to the relative rate 
of movement (the velocity gradient), the material is a Newtonian fluid. The equation that 
describes this behaviour is: 
.
yxyx                 Formula 8 
where  is viscosity of the fluid. If shear stress and shear rate are not directly proportional but 
are instead related by some more complex function, the fluid is said to be non-Newtonian. If 
the material has both the elastic (solid) and viscous (fluid) properties, it is said to be 
viscoelastic. Most polymers fall into this classification. 
 
 
 
 
 
 
Figure 22: Schematic drawing for illustration of simple shear [94]. 
 
Determination of the shear viscosity 
 
For the determination of the shear viscosity, different types of viscometers can be employed. 
A rotational viscometer may be used for the determination of the viscosity of binder 
components and binder systems employed for PIM, where the torque required to rotate a disc 
at a certain speed is recorded. The torque required to rotate the disc is proportional to the 
viscosity of the fluid, which can be then calculated. The suitability of such equipment for the 
characterisation of PIM feedstocks is impaired as powder particles can be large enough not to 
fit in between the plate gap, depending on the powder used. Alternatively, the determination 
of feedstock viscosity is preferentially done by using a capillary viscometer, in a process 
analogous to the injection of the material by the injection moulding unit. Due to the relevance 
for this work, an overview of the calculation of the shear viscosity using a capillary 
viscometer is presented next. 
In a capillary viscometer, the shear stress and the shear rate are correlated for the calculation 
of viscosity. A schematic drawing illustrating the working principle of the capillary 
viscometer is shown in Figure 23. The investigated material is pressed by a plunger, which 
can be operated at different pressing velocities, through a nozzle with known geometry [95]. 
x 
y 
Ay
Ux, vx
Fx
hy 
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In this way a laminar flow profile is developed in the capillary and if the volume flow is 
known, the shear rate can be calculated. The resistance of the material to flow causes a 
pressure drop along the capillary, which corresponds to a specific shear stress. This pressure 
drop is the actual measured variable. Due to the small diameter of the nozzle, the pressure is 
not directly measured in the nozzle, but in the inlet area.  
 
 
 
 
 
 
 
 
 
Figure 23: Schematic drawing of a capillary viscometer [94]. 
 
In principle, from the measured pressure, the shear stress is obtained (Formula 9) and from the 
known volume flow, the shear rate is known (Formula 10). From the quotient of the shear 
stress and shear rate, the shear viscosity is calculated (Formula 11). The subscript “app” 
stands for “apparent”. The terms are “apparent” because corrections must be applied in order 
to get the “true” values, as will be shown later. 
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where: 
 
app  = apparent shear stress 
app
.
  = apparent shear rate 
P1 
P2 
Q 
L 
D = 2R 
P = P1 – P2 
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app  = apparent viscosity 
R = radius of the capillary 
P = pressure drop 
L = length of the capillary 
Q = volume flow rate 
 
Formula 8 is derived from a momentum balance in the capillary. By the general conservation 
law of a system (for energy, mass and momentum) [94]: 
 
 
 
 
 
where X is the conserved quantity. 
By Newton’s second law, the rate of momentum is equivalent to force. In addition to the rate 
of momentum convected into and out of the system by the entering and leaving streams, the 
sum of all the forces that act on the system (the system defined as a specific volume of fluid) 
must be included. The resulting macroscopic conservation of momentum then becomes: 
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If there is only one entering and one leaving stream, then mmm oi   . The mass flow m can 
also be written as Avm

  , where   is the density of the fluid, v  is the average velocity 
through the cross sectional area A

. We apply the momentum balance to a fluid in a plug flow 
in tube, as illustrated in Figure 24. The fluid element in the “slice” of dx is the system, and the 
momentum balance equation on this system is: 
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Theoretical background 
 
46 
 
 
 
 
 
 
Figure 24: Momentum balance on a „slice” in a stream tube [94]. 
 
The forces acting on the fluid result from pressure (dFp), gravity (dFg), wall drag (dFw) and 
external shaft work (W = - Fextdx), so that: 
 
wextgp
onfluid
x dFFdFdFF           Formula 14 
where: 
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Here, w is the stress exerted by the fluid on the wall (the reaction to the stress exerted on the 
fluid by the wall) and Wp is the perimeter of the wall in the cross section that is wetted by the 
fluid (“the wetted perimeter”). After substituting the expressions for the forces from Formula 
13 into the momentum balance equation, Formula 12, and dividing the result by –A, where A 
= Ax, the result is: 
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where w = W/(Adx) is the work done per unit mass of fluid. Integrating this expression 
from the inlet (i) to the outlet (o) and assuming steady state gives: 
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Comparing this with the Bernoulli equation: 
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shows that they are identical, provided: 
 
dx
A
W
e
L
pw
f  




	



           Formula 18 
 
or, for steady flow in a uniform conduit: 
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Where ef is the dissipated energy associated with irreversible effects, directly related to the 
stress between the fluid and the tube wall (w), or it can be interpreted as the work required to 
overcome the resistance to flow. 
By taking Formula 19 and substituting in Formula 17 and assuming constant flow rate, no 
external shat work and neglecting the gravitational force, Formula 9 is obtained, which shows 
the shear stress at the wall of the capillary viscometer: 
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Considering that the wall shear rate for a Newtonian fluid in a tube is given by [94]:  
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As V is the mean fluid velocity and can be written as V = Q/ (	 R2), and substituting it in 
Formula 20 yields: 
 
3
4
R
Q

              Formula 10 
 
The viscosity is then calculated by the quotient between the wall shear stress and the wall 
shear rate, as showed previously in Formula 10. A typical viscosity versus shear rate curve 
obtained with a capillary viscometer is shown in Figure 25. The effect of the addition of 
stearic acid is shown and the shear thinning behaviour, typical for PIM feedstocks, is evident. 
 
Figure 25: Viscosity versus shear rate for carbonyl iron in a wax-polymer binder, showing the effect of 
stearic acid [38].  
 
Bagley correction 
 
It must be pointed out that additional pressure drops occur at the entrance area of the capillary 
[95]. These can occur due to acceleration of the material compared to the flowing velocity in 
the capillary, due to secondary streams, but mainly due to elastic deformation of the material 
at the entrance of the die. These additional pressure drops should be known and the proper 
corrections must be applied, so that the true shear stress is known. 
If an experiment is run with dies of different lengths L, but of the same radius R, under the 
same conditions, the pressure drop can be measured and an extrapolation of the results allows 
the pressure drop of a “zero-length” die to be calculated. This yields the pressure drop at the 
entrance of the die, and not in the capillary. If a single bore capillary rheometer is used, the 
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measurement should be repeated with dies of different lengths, so that the true viscosity is 
obtained. So, if a die with length e·R, in which e represents the extrapolated L/R-ratio, the 
following equation is derived for the corrected shear stress after Bagley [95]: 
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            Formula 21 
 
The determination of the entrance pressure drop by Bagley extrapolation is illustrated in 
Figure 26, where different behaviours are expected in a low and in a high shear rate regime: 
 
 
 
 
 
 
 
 
Figure 26: Determination of the entrance pressure drop by Bagley extrapolation [95]. 
 
This type of Bagley correction is not only time consuming but also problematic, as by 
extrapolation wrong values for the entrance pressure drop may obtained. It could happen that 
the material exhibits wall-slip, so that the total pressure drop is not proportional to the die 
length, among other effects which lead to a non-linear correlation between total pressure drop 
and die length. Due to this non-linearity, this method is normally associated with errors. It is 
difficult even with three or more points to extrapolate to a “zero length” die. 
The advantage of a double capillary viscometer lays in the fact that by using one of the bores 
with a “zero length” or “orifice die” (actually with a very small length), the value for the 
entrance pressure drop Po is determined for this small capillary. At the same time, the other 
bore contains a capillary with length L. In this way, the corrected shear viscosity can be 
obtained after one measurement. The Bagley corrected wall shear stress is obtained after the 
following equation: 
 
L
RPP ol
w 2
)( 

            Formula 22 
e 
P 
L/R10       20       30      40   
low shear rates
high shear rates
Theoretical background 
 
50 
 
where Pl is the measured pressure drop in the capillary with length L and radius R. 
 
Rabinowitsch correction 
 
As a result of a constant shear rate measurement, the dependency of the shear stress to the 
shear rate is obtained. From this, the viscosity curve can be calculated, as previously 
discussed. If the viscosity is independent of the shear rate, so the material exhibits a 
Newtonian behaviour.  
Nevertheless, materials exhibit often behaviours which deviate from the Newtonian. Some 
substances exhibit pseudoplastic or shear thinning behaviour, whereas others exhibit dilatant 
or shear thickening behaviour. A combination of these or more complex behaviours are 
possible as well. The Rabinowitsch correction takes into account the deviations from the 
Newtonian behaviour. These examples of behaviour under shear are shown in Figure 27 
below:  
 
 
 
 
 
 
 
Figure 27: Examples of different flowing behaviours under shear.  
 
The correction is done by plotting log w / log app and calculating the slope of the curve 
obtained, which is the parameter “n”. The corrected shear rate can be calculated after 
Rabinowitsch by the following equation [96]: 
 
appw n
n  
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If the slope of the curve is one, i. e. if the material exhibits Newtonian behaviour, the true wall 
shear rate is the same as the actual value measured.  
 
 
 Newtonian
Pseudoplastic
Dilatant
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Effect of powder size 
 
The evaluation of the stability of PIM-feedstocks in an experimental rheological study is 
described in the literature, where the influence of powder size on feedstock stability was 
investigated  with a capillary viscometer [97]. Spherical particles with various particle sizes 
were employed in feedstocks with 55 Vol.% solids loading. The instability of the feedstock, 
characterised by the variation of the viscosity during the measurement, was found to increase 
with the particle size. 
Still according to the mentioned study, there is a difference between the flow behaviour of 
bimodal and monosized powders. Feedstocks made of blended powders showed an increased 
instability compared to feedstocks made of monosized powders. Such a phenomenon would 
be related to a segregation of particles of different size within the feedstock. During flow 
through the capillary tube, particles suspended in a fluid migrate from the wall toward the 
centreline in a phenomenon called the Segre-Silberg effect. When entering the faster moving 
stream near the core of the tube, the particles are transported more rapidly than the average of 
suspension and a concentration gradient occurs. This effect becomes more important for the 
larger particles, in the case of the feedstocks with bimodal particle distribution. This 
concentration gradient of feedstocks made of blended powders may indicate these feedstocks 
are more prone to concentration gradients in a variable shear rate regime, compared to the 
feedstocks made of monosized powders. Such concentration gradients would result in 
viscosity variation and increased risk of separation.  
Goto and Kuno [98] made kinetic studies of the motion of bimodal suspensions of polystyrene 
particles, with 398 and 84 m average diameters, in ethylene glycol and propylene glycol 
with a capillary viscosimeter. The study of this group included taking pictures of the 
suspension flow with a high-speed camera. In this way, the number of particles near the wall 
could be counted and a quantitative study was developed. The viscosities of bimodal 
suspensions were always smaller than those of single solid component suspensions under the 
same total solid volume fraction. Furthermore, when the mixture passed through the capillary 
tube, it was observed that the proportion of large and small particles at the wall varies with the 
shear rate. For the monosized suspension, the number of particles near the wall for the low 
shear rate regime (~200 s-1) is greater than that for the high shear rate regime (~3400 s-1). On 
the other hand, for the suspension of blended powders, the number of larger particles near the 
wall for the low shear rate regime is smaller than that for the high shear rate regime. 
Moreover, for the low shear rate regime, the number of large particles near the wall for the 
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blended suspension is smaller than that for the single solid component suspension. This 
suggests that the radial distribution of larger particles is affected by the presence of smaller 
ones and this changes the viscosity of the suspension, as the decrease of the number of 
particles located near the tube wall reduces the viscosity.  
In another study [99], where feedstocks with monodispersed glass beads were used, the 
viscosity was shown to approach infinity at around 60 Vol.% solids loading, independent of 
particle size. The viscosity of bimodal systems was lower and the minimum viscosity of a 
bimodal system was achieved with 25 to 35 Vol.% of the fine particles, the remainder being 
the coarser size. 
The effect of lower viscosity with bimodal systems is also predicted in Formula 5. Systems 
with bimodal particle size distributions have higher packing densities and therefore higher 
values for the c parameter, which lead to lower viscosity values for the feedstock. 
Similar flowing phenomena are expected if feedstocks with and without space holder particles 
are used. The space holder particles are much coarser than the metal particles and this 
difference in size is likely to contribute to different flowing behaviours of the feedstocks. 
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2.6 State of the art in Jülich 
The space holder method (SHM) was extensively studied at Forschungszentrum Jülich for the 
fabrication of medical implants. Titanium porous cups for hip replacement [100, 101] were 
produced by pressing and machining in the green state. The porosity of the samples lied in the 
range of 60-75 % and space holder particles in the range of 355-500 m were used. Dental 
implants with a porous coating [102] were produced by cold isostatic pressing of the coating 
on a dense substrate, with similar porosity and pore sizes. The space holder material 
preferentially used was ammonium hydrogen carbonate. These implants are shown in Figure 
28. 
 
 
 
 
 
 
Figure 28: (A) Porous cup for hip replacement. (B) Dental implant with porous coating. (C) 
Microstructure of the cross section of the dental implant. 
 
Another research group conducted an in vivo study [103], where the pores of an implant 
produced with the space holder method were completely filled with bone tissue 12 weeks 
after implantation. The picture of the cross section of the bone is shown in Figure 29. The 
space holder used was ammonium hydrogen carbonate and the overall porosity of the implant 
was 60%, with pores in the range of 100 to 700 m. 
 
 
Figure 29: Cross-section of a porous titanium implant (white) produced with the SHM. Full bone 
ingrowth after 12 weeks of the implantation [103]. 
 
  
(A)  (B) (C) 
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The space holder method was used for the fabrication of the spinal implants in Figure 30 as 
well. The processing method developed at Forschungszentrum Jülich was licensed to the 
company Synthes for the development of spinal implants with a gradient in porosity. This 
spinal implant is composed of a porous part (porosity 60-65 %) and a part with clearly 
reduced porosity, responsible for the fixation of the implant after surgery [6]. Here, it was 
shown that for implant applications in the lumbar spine, a porosity in the range of 60 to 65% 
was more adequate. The implant is placed between two vertebrae and replaces the lumbar 
disc. Similarly to the concept of the cages shown in Figure 1, the neighbouring bone tissue 
grows into the structure of the implant. Nevertheless, the special porous structure of the 
implant produced by the space holder method is advantageous regarding the primary fixation 
to the bone, due to the development of a more homogeneous distribution of bone tissue from 
the vertebrae in the implant. This enhances the overall mechanical stability of the system.  
 
 
 
 
 
 
 
 
Figure 30: Spinal implant of the company Synthes. (A) Implants on the vertebra bone. (B) Row showing 
the different sizes available. (C) Implant placement after surgery. [104] 
 
A specific feature of this spinal implant is the rotation during the surgery procedure, as shown 
in Figure 31. This rotation promotes a permanent tension of the adjacent vertebrae on the 
implant, which avoids implant migration and supports bone ingrowth. For this rotation 
procedure, sufficient implant strength is required, which is ensured by the dense part of the 
implant. 
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Figure 31: Drawing showing the rotation procedure of the implant during surgery.  
 
The MIM technique has recently been investigated in combination with the space holder 
method for the fabrication of near net shaped porous implants at Forschungszentrum Jülich. 
Among the materials studied, sodium chloride was found to be the most appropriate space 
holder material to be used in combination with the MIM process, due to its thermal and 
mechanical stability and minimum contamination of the metallic matrix [76]. The MIM 
process in combination with SHM was used for the production of simple shaped parts of NiTi, 
Ti6Al4V and Ti materials. On cylinders, the mechanical and biological properties of porous 
NiTi alloys produced by MIM were studied in detail regarding their suitability as implant 
material and damping devices [7]. 
Among the great variety of binder systems possible for the MIM process, binders composed 
of a mixture of paraffin, polyethylene and stearic acid are reported to be used for Ti6Al4V 
[105] and Ti powders [106] for the fabrication of medical implants with success, but no 
indication about trade names of binder components, binder components ratio or component 
characteristics like molecular weight or viscosity are available. The first component is 
removed by extraction with hexane or heptane. The binder system with this composition is 
employed by the company TiJet Medizintechnik GmbH [107] for the commercialised 
products. A binder system of a similar composition was employed for the fabrication of NiTi 
parts as well [108]. Another binder system with an aromatic compound (naphthalene) was 
described in the literature to be suitable for titanium powder [109], but no evidence of its use 
in the industry has been found.  
The binder system used so far at Forschungszentrum Jülich is a mixture of 60 Vol.% amide 
wax (Wax C) and 40 Vol.% polyethylene wax (PE 520). This binder system was developed in 
the early 1990s in Jülich [110, 111] and was recently used for the production of net-shaped 
NiTi with [112] and without [113] space holder particles by metal injection moulding. 
Although this binder system is composed only of two components, its suitability for the 
100°
Implant holder 
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production of titanium and titanium alloys parts by MIM in combination with the space holder 
method was demonstrated, together with acceptable contamination levels [7, 76]. Up to now, 
only simple geometries like cylinders and discs were produced and the main disadvantage of 
this binder system lays on the partial debinding method, which is the wicking method. The 
wicking method is laborious, as sand residues have to be removed from the part surface after 
debinding, which deteriorates surface quality. 
Titanium and titanium alloys powders with space holder have been processed with 75 Vol.% 
solids content, in which 50 Vol.% of the solids fraction is composed of space holder particles, 
whereas feedstocks without space holder have been processed with 68 Vol.% powder [7]. 
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3 Objectives of this work 
The combination of SHM with 2-C-MIM would enable the near-net-shape production of 
implants with a gradient in porosity without the need of green machining, as it is the case of 
the current production method of the spinal implant of the company Synthes (Figure 30). This 
would impart costs reduction in case of large scale production of such implants. The 2-C-
MIM brings advantages when compared to isostatic pressing of a coating with space holder 
particles as well, as it is the case of the production of the aforementioned dental implants 
(Figure 28). The MIM process brings up the possibility of producing parts with complex 
geometry, what is limited in the case of pressing of a porous coating. Porous coatings are also 
a concern when regarding their fatigue strength. Interface regions can always act as stress 
concentrators, compromising the use of these materials in high-loading applications. This was 
seen in the interface region between the dense core and the porous coating of the dental 
implant. This area acted like a weakness point of the structure and a notch was seen in that 
region after a fatigue test [102]. The problem was overcome with an additional weld seam at 
the interface, but this would mean a post-processing step in the production process. This 
disadvantage applies for all methods involving coatings, such as plasma spraying, fibre or 
powder sintering on substrates. It is reported that the current practice in designing porous-
coated titanium and titanium alloys is to avoid porous coatings on surfaces that might be 
subjected to substantial tensile stresses in service [15]. The bonds between substrate and 
coating have been shown sometimes inadequate in several clinical applications, where 
radiographic evidence of porous coating separation from the implant is available [114]. 
The near-net-shape production of implants with graded porosity by 2-C-MIM would mean a 
cost reduction in case of a large scale production, as compared to all other methods cited 
previously. The method combines shape flexibility with fast production cycles. The objective 
of this work is to develop the 2-C-MIM technique in combination with the space holder 
method for the fabrication of implants with graded porosity. 
According to what was described in the last sections, a profile of a suitable binder system for 
2-C-MIM for the production of titanium implants with a gradient in porosity is proposed. The 
requirements for a suitable binder system are to: 
 
 be suitable for debinding and sintering, with and without space holder; 
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 show suitable flowing behaviour for injection moulding with and without space holder 
particles during the filling of complex shaped cavities with changes in flow direction 
without binder-powder separation; 
  have the decomposition temperature above injection moulding temperature; 
 decompose with the least contamination possible of the metal powder during thermal 
debinding; 
 promote the least dimensional changes possible after processing steps; 
 ensure mechanical stability of the part for handling during processing steps. 
 
The feedstock suitable for 2-C-MIM should have the least amount of binder possible for 
injection moulding, in order to avoid part distortion and shape loss, as usual for any MIM 
feedstock. Additionally, the amount of binder to be used for the feedstocks with and without 
space holder particles should be adjusted so that a mismatch in sintering shrinkage of both 
feedstocks is avoided. Such a mismatch may produce defects and distortions in the final part.  
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4 Experimental part 
4.1 Processing techniques 
4.1.1 Starting materials 
The starting powders and space holder used in this work are listed in Table 2. Although the 
typical grain size used in the MIM technique is from 0,1 to 20 or 10 m in average [38], the 
use of coarser powder fractions (< 45m ) was preferred in this work. In previous 
investigations [112], the use of finer powders in combination with the space holder method 
was unsuccessful. The small powders hindered desalination and the NaCl could not be 
completely removed even after very long desalination periods. The NaCl particle size range 
was chosen due to the desired pore size in the final product. Pore sizes in the range of 350-500 
m were reported in the literature to be adequate for bone ingrowth in the implant material [2, 
10, 14]. 
Titanium powder was used for the production of samples for preliminary studies with 
different binder systems and for the production of implants. Fe22Cr-powder was employed 
for the rheological characterisation of feedstocks. As rheological measurements required 
relative high amounts of feedstock, cheaper Fe22Cr powder was used for this purpose. Due to 
the similar particle size ranges of the Ti- and the Fe22Cr-powder, it was assumed that 
feedstocks produced with either powder would exhibit similar flowing behaviour. 
 
Table 2: Starting powder materials used in this work. Ti and Fe22Cr: particle size range as delivered by 
manufacturer, NaCl: fraction sieved from starting material. Data as in product data sheet. 
Powders Manufacturer Charge Particle size range Theoretical density (g/cm3) 
Ti (Grade II) TLS Technik 1071/3 < 45m 4.51 
NaCl  AppliChem 8 O 010051 355-500 m 2.17 
Fe22Cr H.C. Starck 0549.01 20-53 m 7.67 
 
The binder components chosen for the investigations are shown in Table 3.  
Wax C and PE 520 are binder components of the standard binder system used in IEK-1 at 
Forschungszentrum Jülich and were used for investigations with this reference binder system.  
A paraffin material (Paraffin 65) was chosen for the new binder systems, in which solvent 
debinding would be performed as the partial debinding step. Solvent debinding replaces the 
wicking process, which is less appropriate for the industrial application. Paraffin is reported to 
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be a suitable material to undergo solvent debinding and paraffin-based binder systems have 
been reported to be used for Ti [106], Ti6Al4V [105] and NiTi [108] powders. The industrial 
use of a paraffin-based binder system has been reported for titanium powder as well [107]. 
As second component of the new binder systems, different polyethylene materials were 
chosen primarily due to the difference in viscosities. The polyethylene waxes PE 520 and PE 
190, and the conventional polyethylene material Hostalen GA 7260 G have been investigated 
for this purpose. According to the producer, PE 520 is less viscous than PE 190 at the same 
temperature. The Hostalen material, as being a conventional polyethylene material and no 
polyethylene wax, is expected to have a higher viscosity than PE 520 and PE 190 [56], 
although no direct viscosity value is available at the product data sheet. This Hostalen 
material was chosen among the great variety of polyethylene materials available in the market 
because it is an almost additive-free material and is designed for the production of plastic 
parts for advanced applications in the medical field, as advised by the manufacturer. Its low 
additive amount (500 ppm calcium stearate) is expected to be suitable for a low residue 
amount after thermal debinding. No information about chemical composition or additives was 
supplied for PE 520 and PE 190 by the manufacturer. The application of PE 520, PE 190 and 
Hostalen GA 7260 G as second binder component is expected to cover a wide range of 
viscosity, so that the influence of binder viscosity on feedstock characteristics as the flowing 
behaviour could be investigated. 
Stearic acid was added to some feedstocks as the third binder component, in order to 
investigate its expected lubricant behaviour. 
 
Table 3: Binder components used in this work. If not otherwise specified, the data is from product data 
sheet. 
Component Producer 
Density 
(g/cm3) 
Melting 
temperature (°C) 
Viscosity (Pa.s) 
Wax C Clariant 1.00 142 - 
Paraffin 65 Sigma-Aldrich 1.01 [59] > 65 - 
PE 520 Clariant 0.92-0.94 117-123 0.65 (at 140°C) 
PE 190 Clariant 0.95-0.97 132-138 25 (at 140°C) 
Hostalen GA 7260 G Basell 0.96 - - 
Stearic acid Merck 0.94 [59] - - 
 
With the binder components listed in Table 3, binder systems were composed as shown in 
Table 4. The standard binder is composed of Wax C and PE 520. The binder systems BS 1, 
BS 2 and BS 3 are composed of Paraffin 65 and either PE 520, PE 190 or Hostalen GA 7260 
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G as second component. For these binder systems (SB, BS 1, BS 2 and BS 3), the ratio of the 
first to the second component was kept constant to 60/40 Vol.%, as reported to be suitable for 
the successful production of MIM parts [38] and found suitable in previous studies with the 
SB system [112]. For feedstocks with the SB system, the first debinding step employed is 
wick extraction. For the paraffin-based binder systems, on the other hand, solvent debinding 
was chosen as the partial debinding method. 
The addition of stearic acid and the variation of component ratio on the feedstock behaviour 
were investigated in the systems BS 4 and BS 5. As given in the literature [115, 116], an 
amount of stearic acid of about 4 wt.% of the binder is suitable to obtain the desired 
lubrication of the feedstock. In this work, 5 Vol..% (or 4.7 wt.%) was the percentage of stearic 
acid used. As stearic acid is soluble in hexane [117], it is expected that the material is 
removed during solvent extraction. The amount of Hostalen GA 7260 G was decreased in 5 
Vol.% in the system BS 5, in order to investigate the effect of the binder component ratio on 
the flowing properties of the feedstock. 
 
Table 4: Binder systems investigated in this work. The number in brackets is the volume ratio of the 
component. 
 1st component 2nd component 3rd component 
SB 60 Vol.% Wax C 40 Vol.% PE 520 - 
BS 1 60 Vol.% Paraffin 65 40 Vol.% PE 520 - 
BS 2 60 Vol.% Paraffin 65 40 Vol.% PE 190 - 
BS 3 60 Vol.% Paraffin 65 40 Vol.% Hostalen GA 7260 G - 
BS 4  55 Vol.% Paraffin 65 40 Vol.% Hostalen GA 7260 G 5 Vol.% Stearic acid 
BS 5 60 Vol.% Paraffin 65 35 Vol.% Hostalen GA 7260 G 5 Vol.% Stearic acid 
 
Based on these binder systems, different feedstocks with Ti as well as Fe22Cr powders were 
prepared. The list of the investigated titanium feedstocks is shown in Table 5. Titanium 
feedstocks with the binder systems SB, BS 1, BS 2 and BS 3 with and without space holder 
were used for preliminary experiments with the warm press. The feedstocks with space holder 
had a constant amount of 50 Vol.% of space holder particles. This amount of space holder 
material was used, as higher amounts of space holder could not be injected with the MIM 
machine in previous experiments with the same space holder particles [112]. The solids 
loading was 68 Vol.% for feedstocks without space holder and 75 Vol.% for feedstocks with 
space holder, as used in previous works with the standard binder system [112]. Titanium 
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feedstocks with BS 4 and BS 5 systems were produced after optimisation of the solids loading 
after viscosity measurements with the capillary viscometer, where Fe22Cr powder was used. 
 
Table 5: Ti feedstocks investigated in this work. 
Feedstock 
Solids 
loading  
(vol %) 
Binder content 
100 –   
(vol %) 
Metal powder fraction 
of the solids loading  
(vol %) 
Space holder fraction of 
the solids loading 
(vol %) 
Ti SB 68 32 100 0 
Ti SB SH 75 25 50 50 
Ti BS 1 68 32 100 0 
Ti BS 1 SH 75 25 50 50 
Ti BS 2 68 32 100 0 
Ti BS 2 SH 75 25 50 50 
Ti BS 3 68 32 100 0 
Ti BS 3 SH 75 25 50 50 
Ti BS 4 64 36 100 0 
Ti BS 4 SH 68 32 50 50 
Ti BS 5 SH 72 28 50 50 
 
The Fe22Cr feedstocks investigated are listed in Table 6. Fe22Cr feedstocks with various 
solids loadings were produced for investigations with the capillary viscometer.  
 
Table 6: Fe22Cr feedstocks investigated in this work. 
Feedstock 
Solids loading  
(vol %) 
Binder content 
100 –   
(vol %) 
Metal powder 
fraction of the solids 
loading  
(vol %) 
Space holder fraction 
of the solids loading 
(vol %) 
Fe BS 2 50/60 50/40 100 0 
Fe BS 3 50/60/64/68 50/40/36/32 100 0 
Fe BS 4 50/60/64/68 50/40/36/32 100 0 
Fe BS 4 SH 50/60/68/72 50/40/32/28 50 50 
Fe BS 5 SH 60/68/72/75 40/32/28/25 50 50 
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4.1.2 Feedstock preparation 
The feedstocks were prepared by mixing the powder and the binder in a Haake HKD-T 0,6D 
kneader. The binder components were firstly mixed by hand with the powder and space 
holder particles before introducing the mixture in the kneader. The material was allowed to 
homogenise for a total of 2 hours at 150°C. After the homogenisation in the kneader, the 
material was taken out of the chamber and reduced to smaller pieces by hand while cooling 
down. The pieces were granulated in a granulator of the company Wanner Technik GmbH, 
Wertheim/Main. 
4.1.3 Shaping by warm pressing 
The shaping process by warm pressing was used when small amounts of feedstock had to be 
investigated. The warm press required much less effort of processing as compared to the MIM 
process, so that it was employed as a first evaluation of a new feedstock. Although the warm 
pressing is a much simpler and less sophisticated shaping technique than the MIM process, 
the basic principle of both processes is similar: the feedstock is warmed above the melting 
temperature of the binder and injected / pressed to the desired shape while cooling down. 
The feedstocks were warm pressed with a modified P/O/Weber press. A schematic drawing of 
the press is shown in Figure 32. The feedstock material was placed in between the two 
pressing plungers and allowed to heat up for 2 minutes. A piece of fine aluminium foil was 
placed between the lower pressing plunger and the cooled pressing matrix to avoid the 
material to fall into the pressing matrix before starting the pressing procedure. The material 
was pressed with 12,5 kN force (110 MPa) with 30 seconds holding time, while cooling down 
in the water cooled pressing matrix. Cylindrical compacts with 12 mm diameter and 
approximately 10 mm height were produced. An attempt was made so that all the samples had 
an approximately constant height. This was done by using a balance to weight the same 
quantities of feedstock material to be pressed. Direct measurements of the temperature of the 
die with a thermocouple placed in a drilled hole in the die wall revealed that the measured 
temperature shown by the equipment was actually lower than the actual temperature of the 
material inside the press. In a reference measurement using another thermocouple, it has been 
shown that a temperature of 132°C shown by the equipment is related to a temperature of 
150°C inside the press, ensuring a complete melting of the binder systems used in this work. 
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Figure 32: Schematic drawing of the P/O/Weber press. (A) Device before the pressing procedure (B) 
Pressing procedure with pressing force of 12,5 kN. [112] 
 
4.1.4 Shaping by Metal Injection Moulding 
Although warm pressing delivers a very useful first impression of the investigated feedstock, 
shaping by MIM is the actual aim to the feedstocks investigated. MIM is much more complex 
than warm pressing, especially because of the wide range of shear rates to which the 
feedstock is subjected during the process, which could reach up to 100,000 s-1 [38], depending 
on the injection flow rate and flowing channels inside the equipment and the mould.  
All MIM experiments were conducted with an Arburg Allrounder 370 U 700 100/100 2-
component injection moulding machine, which is shown in Figure 33. The machine is 
composed of two injection units, which enable the injection of two different feedstocks in the 
same mould.  
heatable press
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Figure 33: Left: picture of the 2-component MIM-machine used.  Right: schematic drawing of the 
injection units [118]. 
 
The moulds used were designed for the investigation of the availability of the combination of 
feedstocks with and without space holder for the production of parts with a gradient in 
porosity. Different 2-C-MIM techniques were hereby investigated and these are discussed 
next. For all methods, injection parameters were optimised as described in [119]. 
 
2-C-sandwich-MIM 
 
The first technique investigated is named here 2-component-sandwich-MIM and is 
schematically shown in Figure 34. It was the technique used for preliminary experiments for 
the operation of the 2-C-MIM unit. The first mass is injected in the mould cavity by the 
horizontal injection unit, so that an outer skin is formed. Immediately afterwards the core of 
the part is formed by the injection of the second mass by the vertical injection unit. A final 
injection of the first mass, which clears the injection channel for the subsequent shot, ends the 
cycle. 
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Figure 34: 2-component-sandwich-MIM process. (A): Injection of the mass from the vertical unit. (B): 
Injection of the mass from the horizontal unit. (C): Second injection of the mass from the vertical unit. 
[118] 
 
Both feedstocks are hereby injected through a common valve, which controls the separation 
of both materials. This switch-valve is located inside an interval unit, which is shown in 
Figure 35. By injection of the first feedstock by the vertical unit, the pressure gradient inside 
the valve promotes the displacement of an internal small piece, which blocks the second 
feedstock and allows only the first one to be injected. By injection of the second feedstock by 
the horizontal unit, the piece is once more displaced by the pressure gradient created and only 
the second feedstock is injected. A picture of the switch-valve with its internal small piece is 
shown in Figure 35 as well. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 35: (A) Construction of the interval unit. (B) Injection of the vertical component. (C) Injection of 
the horizontal component. [118] (D) Photo of the switch-valve with internal piece. 
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The mould used for the 2-C-sandwich-MIM investigations was a cylinder shape (L = 65 mm, 
ø = 12 mm). The mould was produced by the company Topic (Solingen) and the geometry of 
the part is shown in Figure 36. 
 
Figure 36: Technical drawing of the MIM-cylinder. 
 
2-C-insertion-MIM 
 
The second approach used to investigate the availability of the production of parts with a 
gradient in porosity was the 2-C-insertion-MIM, which is schematically shown in Figure 37. 
By this technique, green parts are produced with removable inlays inside a mould with a 
cylindrical shape (Ø = 14 mm, L = 28 mm). As a second step, the runner material is removed 
and the part is inserted in the mould after being rotated by 180°. By injecting the second 
feedstock in the mould, a green part composed of the two different materials is produced. This 
technique requires the use of only one injection unit.  
 
 
 
 
 
Figure 37: 2-component-insertion-MIM. (A) Injection of the first mass. (B) Insertion of the part in the 
mould. (C) Injection of the second mass. 
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By producing removable inlays with different geometries, it is possible to produce parts with 
different geometries of the porosity gradient. One of the geometries produced is shown in 
Figure 38 as an example. 
 
 
Figure 38: Dimensions of one of the geometries produced by 2-C-Insertion-MIM with the small cylinder 
mould. (A) Green part produced with the removable inlay. (B) Inlaid green part in the mould. 
 
 
2-C-MIM with an automated mould 
 
The third approach used to investigate 2-C-MIM was more industrially focused, as a mould 
with a spinal implant shape was used. The spinal implant of the company Synthes was taken 
as a model, where the part dimensions were supplied by Synthes. A plastic prototype of the 
implant was produced to assist mould design, as shown in Figure 39. As mentioned before, 
this implant is conventionally produced by pressing and machining in the green state [6].  
 
 
 
 
 
 
Figure 39: Titanium spinal implant of the company Synthes and its plastic prototype. 
 
The dimensions of the spinal implant produced by 2-C-MIM are as shown in Figure 40. The 
2-C-MIM process enables the manufacture of this implant by injection of a feedstock with 
space holder and a feedstock without space holder in the same mould. A sintering shrinkage 
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of 10% was taken into consideration, so that the final part meets the dimensions of the final 
desired product. 
 
 
 
 
 
 
 
Figure 40: Technical drawing of a spinal implant composed of dense and porous parts for demonstration 
of the 2-C-MIM process. 
 
In order to produce the spinal implant, a special automated mould was used. The first 
feedstock (without space holder) is injected through the horizontal unit so that the dense part 
of the implant is produced. The mould afterwards opens and an inside part is automatically 
pushed, as it is equipped with a hydraulic pushing system. This displacement of the internal 
part of the mould makes it possible the second feedstock (with space holder) to be injected 
and the final green part to be formed. The schematic drawing of the mould used is shown in 
Figure 41. The mould was produced by the company DIA-Nielsen (Düren). 
 
Figure 41: Schematic drawing of the 2-C-MIM mould used for the fabrication of spinal implants.  
(A) Injection of the feedstock without space holder. (B) Injection of the feedstock with space holder. 
 
(A) (B) 
  
 Feedstock with 
space holder  
 Feedstock 
without space 
holder  
R70,0 
Experimental part 
 
70 
4.1.5 Partial debinding 
The partial debinding was performed either by wicking or solvent extraction. In the case of 
feedstocks produced with the standard binder SB, the method used was wicking. The 
feedstocks produced with the paraffin-based binder systems were debinded by extraction with 
n-hexane. 
By wicking, the warm pressed green parts were immersed in Al2O3-sand (355-500 m) and 
heated up in a fan oven at 150°C for 10 hours. These were the standard parameters used, 
which were already employed in previous studies with this binder system [7]. Nevertheless, if 
the sample was larger than the warm pressed parts (Ø = 12 mm, H 
 10 mm), as it is the case 
of the parts produced by 2-C-insertion-MIM, the wicking time was increased, as the 
debinding time is dependent on the square of the part thickness as a first approximation. 
By solvent extraction, the samples were immersed in an n-hexane bath. This solvent was 
chosen due to its reported suitability to dissolve paraffin materials [73, 75]. The bath was 
heated up by a heating plate in a flat bottom flask. At the top of the equipment, a condenser 
allowed the evaporated n-hexane to return to the system. The debinding time was investigated 
as a function of the solvent temperature. The mass loss was determined by weighing the 
samples before and after the extraction procedure, where the samples were put in a fan oven 
for 10 hours at 50°C after removal from the hexane bath. 
4.1.6 Removal of space holder 
The desalination of MIM samples was already investigated [112], where the standard 
desalination parameters were 60°C bath temperature and 24 hours immersion time of warm 
pressed samples with 50 Vol.% space holder. These were the parameters used in this work as 
well.  
4.1.7 Thermal debinding and sintering 
The thermal debinding and sintering were performed in a furnace of the company Thermal 
Technologies. The partially debinded and desalinated samples were placed on a Y2O3 
sintering substrate in a Al2O3 crucible. Yttrium oxide is the standard sintering substrate at 
IEK-1 at Forschungszentrum Jülich, as it was shown that its suitability for reactive metals 
like NiTi was shown in previous studies [113]. The crucible was covered with a porous 
titanium getter material in order to protect the samples from possible contaminations which 
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could be in the oven chamber. The positive effect of the titanium getter on the chemical 
impurity level of NiTi samples was shown in previous studies as well [113]. 
Inside the oven, there is a molybdenum chamber, in which the sintering crucible is placed. A 
suction system directs the decomposition products of the thermal debinding from the 
molybdenum chamber to a cooled chamber. This procedure avoids the condensation of the 
decomposition products of thermal debinding on the water-cooled walls of the oven. 
Before thermal debinding, the oven was evacuated to an absolute pressure of < 0,09 mbar. An 
argon flow of 10 L/min is afterwards employed to rinse the oven chamber, where a maximal 
pressure of 14 mbar in the oven chamber is reached. After thermal debinding, the oven was 
evacuated to high vacuum operation (<10-5 mbar). In previous studies [113], the vacuum 
atmosphere showed itself to be more suitable for maintaining the chemical purity of titanium 
alloys than reducing atmospheres during sintering, so that vacuum was used for sintering the 
samples.  
During thermal debinding, the samples were heated up to 500°C at 1 K/min heating rate up to 
500°C, where the temperature was held for 2 hours. The warm pressed samples were heated 
up to the sintering temperature of 1300 °C at 5 K/min. These were the parameters used in 
previous studies [112], which were further evaluated by TGA measurements of the binder 
components and binder systems. In the case of the spinal implants, sintering temperatures of 
1200 and 1300°C were investigated. The dwell time was 3 hours. The samples were 
afterwards cooled down to room temperature with 5 K/min cooling rate. 
4.2 Analysis and measuring methods 
4.2.1 Thermogravimetric Analysis (TGA) 
TGA measurements were performed in order to investigate the decomposition behaviour of 
the binder components themselves as well as the binder systems. 
The sample is submitted to a temperature program and the weight w is recorded as a function 
of the temperature or time [120]. The principle of a thermogravimetric curve or (TG curve) is 
shown in Figure 42 A. A plot of the rate of weight loss (dw/dt) versus temperature is referred 
as the derivative thermogravimetric curve (or DTG curve) and is shown in Figure 42 B. 
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Figure 42: (A) Typical TG curve. (B) Typical DTG curve. [120] 
 
In Figure 42 A, the plateau A indicates constant weight. A curved portion (B) indicates mass 
loss, the steepness of the curve indicates the rate of loss. These portions are seen in Figure 42 
B, where the portion of the DTG curve lying on the line dw/dt = 0 is equivalent to the plateau 
A in the TG curve. The point where the plateau starts to deviate from zero indicates the start 
of mass loss. The peak of the DTG curve corresponds to the curved portion B on the TG curve 
with the peak maximum in Figure 42 B (dw/dtmax) corresponding to the maximum slope at B 
in Figure 42 A. The C portion of the TG curve corresponds to an inflection at which once 
more mass loss is recorded. 
In a TG curve of a single stage non isothermal reaction, there are mainly two characteristic 
temperatures: the initial temperature Ti and the final temperature Tf. Ti is defined as the 
lowest temperature at which the cumulative weight change can be detected by the 
thermobalance. The definition of Tf is analogous: Tf is the temperature at which the 
cumulative weight change first reaches its maximum value. The difference between Ti and Tf 
is termed the reaction interval. These were detected in this work by plotting the DTG curve 
and reading the values where the rate of weight changes as described above. The peak 
temperature of the DTG curve was recorded as well. When two or more peaks were identified, 
in the case of more component mixtures, these were separately recorded. 
The samples were subjected to a heating cycle from room temperature to 1000°C with a 2 
hours holding period at 500°C. The decomposition behaviour of the binder components and 
binder systems could be investigated in this way. The holding period at 500°C was employed 
in order to investigate if the binder was already decomposed completely at this temperature, 
  
(A) (B) 
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which was employed for the thermal debinding cycle of warm pressed and injection moulded 
samples as well. The holding period and holding temperature were found to be suitable for the 
samples with the standard binder system (SB) in previous works [112]. 
4.2.2 Chemical Analysis 
Chemical analysis was performed for the control of chemical impurities in the titanium 
material. The starting powder, the thermally debinded sample and the sintered sample were 
analysed. Three to five specimens were analysed pro sample material. All the measurements 
were undertaken at the Zentralabteilung für Chemische Analysen (ZCH) at 
Forschungszentrum Jülich. 
The nitrogen and oxygen levels were determined by hot extraction in helium flow with 
subsequent thermal conductivity measurement for nitrogen and IR-spectroscopy for oxygen. 
The samples were placed in a graphite crucible inside the equipment LECO TCH 600 in 
helium flux and heated up by an electrical current. The oxygen of the sample reacts with the 
carbon of the graphite of the crucible and carbon monoxide (CO) is produced. The nitrogen 
leaves the samples as N2 during the process. By thermal conductivity spectroscopy and IR-
spectroscopy the levels of respectively nitrogen and oxygen are detected. By this method, the 
measurement error of the equipment is less than 1%. 
The carbon content of the sample was determined by IR-spectroscopy after burning the 
sample. The sample is placed in a ceramic crucible in the equipment LECO CS 600 and burnt 
under oxygen flow, resulting in the formation of CO and CO2. After a cleaning process of the 
efflux gas, the carbon content is determined by IR-spectroscopy. The measuring error of the 
equipment is once more less than 1%, according to the producer. 
4.2.3 Density measurements 
Tap density measurements were performed on powder and space holder/powder mixtures, for 
assistance on the determination of the optimal binder content of the feedstocks. Density 
measurements on feedstocks were performed for the same purpose using the Archimedes 
principle. 
The tap density was measured by dropping of the material in a volumetric cylinder. The 
cylinder was placed on the tapping volumeter STAV 2003 of the company JEL and the 
machine was allowed to tap for 1000 times. The volume of the powder material was then 
measured and the tap density (tap) calculated. By comparison to the theoretical density (theo) 
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of the powder material, the percentage of hollow spaces (Vspc) in the material was calculated 
as shown in the formula below: 
 
1001 xV
theo
tap
spc 


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
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           Formula 24 
 
The density of the feedstocks with different solid amounts was measured with the same 
purpose of assisting determination of the optimal binder content, as shown in Figure 19. The 
weight of the sample was recorded with a Mettler Toledo XS 204 scale outside and immersed 
in water. The density of the sample was then calculated automatically by the device by using 
the Archimedes’ principle. The calculation of the theoretical density of the feedstock was 
done by the rule of mixture. 
For warm-pressed samples, the green density of the samples was evaluated by two methods. 
By the geometrical method, the samples were weighted and measured with a sliding calliper 
and the density calculated by simply dividing the obtained mass by the volume of the sample. 
The other method used was the Archimedes method with water, as described previously for 
measurement of feedstock density. 
4.2.4 Differential Scanning Calorimetry (DSC)  
The Differential Scanning Calorimetry (DSC) was performed in order to determine the 
melting behaviour of the binder components and binder systems investigated. The method 
allows the measurement of heat streams in a sample when subjected to a specific temperature 
program [121].  
A crucible with the sample inside and an empty reference crucible are subjected to a same 
temperature program and the released or absorbed heat amount is recorded. Exothermic and 
endothermic events as phase changes like melting, vaporisation or crystallisation in the 
sample lead to a difference in heat flux between the reference crucible and the crucible with 
the sample. This difference in heat flux occurs as the sample requires less or more heat for 
respectively exothermic or endothermic processes, as compared to the reference crucible. 
Figure 43 shows a typical DSC curve of a polymer material. The onset of melting (Ti) is 
graphically determined by drawing a baseline on the curve and recording the point where this 
baseline meets the line of the curve steepness, as shown in the figure. The temperature of 
complete melting of the material (Tf) is calculated in an analogous way. The peak melting 
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temperature (Tp) is the temperature at which most of the molecules of the material experience 
the phase transition. Crystallisation temperatures may be calculated in the same way. 
 
 
 
 
 
 
 
 
Figure 43: Typical DSC curve. 
 
The temperature program was a heating cycle from 20 to 200°C at 10 K/min and a cooling 
cycle to 20°C with the same rate. A second heating cycle was performed and this one was 
used for the evaluation of the melting behaviour of the samples, so that it was sure that all 
samples had the same thermal history when evaluated. 
4.2.5 Light Microscopy (LM) 
The sintered samples were subjected to light microscopy (LM) in order to investigate the 
microstructure of the samples. 
The cross-section of the samples was placed in a recipient in an embedding pot of the 
company Buehler under low pressure (200 mbar). The recipient was then filled in with a resin 
(Araldit from the company Ciba) and the sample was infiltrated with the material. After 24 
hours, the resin was already hard enough to be further processed. The samples were clamped 
to a sample holder, grinded and polished with the polishing machine Saphir 550 from the 
company ATM with SiC sandpaper (company Hermes) with different grain sizes up to 4000 
under water flow. For the final polishing step, the samples were polished with a very fine 
polishing cloth from the company Buehler with the same polishing machine with addition of a 
suspension containing 75 Vol.% SiO2 suspension (0,1 m, company Buehler), 20 Vol.% H2O2 
suspension (company Merck) and 5 Vol.% dishwashing detergent to aid lubrication. 
The LM pictures were taken with the microscope PMG3 of the company Olympus with the 
high definition camera ProgRes 3008 of the company Jenoptik.  
Ti Tf
Tp 
Heat 
flux 
(W/g) 
time
heating up cooling down
endothermic 
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4.2.6 Viscosity and torque measurements 
The viscosity of binder components, binder systems and feedstocks was determined in order 
to investigate the flowing behaviour of the materials. The flowing behaviour is a very 
important issue in 2-C-MIM, as the process deals with feedstocks with particles of very 
different sizes and a binder system with a suitable viscosity is necessary. 
The viscosity of the binder components and binder systems was determined with the 
rheometer MCR 100 of the company Physica with the cone-plate principle with a 0,048 mm 
distance between the plate and the substrate and 25 mm plate diameter. The samples were 
investigated in an up and down shear rate ramp from 0,1 to 1000 s-1 at the primary working 
temperature determined by DSC. 
The feedstock viscosity was measured with the twin bore capillary viscometer RH2200 of the 
company Malvern, shown in Figure 44. As it has a double bore, this equipment allows the 
simultaneous measurement of the entrance pressure drop, so that the Bagley correction can be 
directly applied. The Bagley correction takes the entrance pressure drop at the capillary into 
account for the calculation of the shear stress, as previously discussed. The Rabinowitsch 
correction can be automatically applied as well, where deviations from the Newtonian 
behaviour are considered, as also described previously. Both corrections were applied for the 
results obtained. The results were compared to the uncorrected measurements. 
 
 
Figure 44: Drawing of the capillary viscometer RH 2200 of the company Malvern. 
 
In order to determine the shear rate range for the capillary measurements, an attempt was 
made to estimate what would be the maximum shear rate reached at the MIM-machine, when 
the automated spinal implant mould was used. The maximum shear rates are achieved when 
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the material flows through the smallest channel in the flowing path, for a same flow rate. The 
smallest channels through which the feedstocks with and without space holder would go 
through for the spinal implant mould are the channels directly at the runner gate areas in 
contact with the implant (1,5 mm x 3,0 mm and 0,8 x 3 mm, respectively). The dimensions of 
these rectangular channels were different for the feedstocks with and without space holder due 
to the difference in size between space holder and metal powder particles. The smallest 
dimension of the runner of the feedstock with space holder was chosen to be at least 2 times 
larger than the largest space holder particle in the mixture, so that blocking of this channel 
would be avoided. 
The maximum shear rate through a rectangular channel can be calculated with the formula 
[122]: 
 
2
6
wh
Q
             Formula 25 
 
where Q is the volume flow rate, w and h are the width and the height of the rectangular 
channel, being h the smallest dimension. 
The typical flow rate for PIM is reported to be around 1.5 cm3/s [38], but variations are 
always possible depending on feedstock characteristics, mould design, etc. Therefore, a 
broader range of flow rates up to 6 cm3/s is going to be used for approximations regarding 
shear rate. 
Using the formula above and considering that and that the maximum volume flow rate 
reached to be about 6 cm3/s , the results obtained are 18,750 s-1 for the feedstock without 
space holder and 5,333 s-1 for the feedstock with space holder. The maximum shear rate is of 
course lower in the case of the feedstock with space holder, as the channel in this case is 
larger than in the case of the feedstock without space holder. 
The shear rate achieved during a measurement with the capillary viscometer depends on the 
die chosen to run the experiment as well as the piston speed. Table 7 summarizes what is the 
maximum shear rate which would be achieved with a specific die at different piston speeds 
with a bore diameter of 24 mm, which is the bore diameter of the equipment used. 
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Table 7: Maximum shear rates achieved as a function of the die diameter and piston speed [123]. 
 Speed (mm/min) 
Die diameter 
(mm) 
0.1 1.0 10 100 500 
0.5 61.4 614 6,144 61,440 307,200 
1.0 7.68 76.8 768 7,680 38,400 
2.0 0.96 9.6 96 960 4,800 
 
From the shear rate ranges calculated and the maximum shear rates achieved with the 
capillary dies, the measurements were performed with the 2.0 and 1.0 mm diameter dies for 
the feedstocks with and without space holder, respectively. The capillary lengths used were 
respectively 32 and 16 mm. Orifice dies with 0.26 mm length were placed in the second bore 
of the equipment. Orifice dies and capillaries with the same diameter were used for the same 
measurement all times. 
After placing the adequate die in the equipment, the feedstock material was fed in both bores 
and allowed to heat up for 15 minutes. The pistons were then moved downwards, so that it 
was sure that the feedstock material was inside the capillary die. The measurement was 
immediately afterwards started. The shear rate was stepwise increased by increasing the 
piston velocity step by step, in an up and down shear rate ramp. The maximum shear rate was 
4,000 and 20,000 s-1 for feedstocks with and without space holder, respectively. Although a 
broader shear rate range (until 5,333 s-1) was aimed for feedstocks with space holder, 
preliminary experiments showed that 4,000 s-1 was the maximal shear rate possible to be 
measured for these feedstocks. The shear stress was automatically recorded and the viscosity 
automatically calculated by the equipment. Bagley and Rabinowitsch corrections were 
automatically applied and compared to uncorrected values. The first experiments were 
conducted at 150°C. The temperature was varied further for selected feedstocks. The 
temperature was measured at the bore wall by three thermocouples positioned at different 
locations at the bore wall.  
Additionally to the viscosity measurements on binder and feedstock, torque measurements of 
the feedstock were also performed, in order to assist the determination of the binder content. 
The torque measurements were performed with a Rheomix 3010 p / Rheocord 300 p torque 
rheometer of the company Haake. The mixing chamber was heated to the working 
temperature. The measurement was started with 45 Vol.% binder content and feedstock was 
removed and powder material added, so that the solids content was increased at each step. The 
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volume of the removed feedstock and the volume of powder added were the same. After 
adding the powder material, the feedstock was allowed to homogenise for 30 minutes before 
the recording of the torque measurement was initiated. For each step, an average torque and 
its standard deviation were calculated. The procedure was repeated until the mixing torque 
could not be measured anymore due to the increase in viscosity of the material. The 
experiments for torque measurements were conducted at 150°C. The temperature was 
measured by a thermocouple inside the mixing chamber. 
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5 Results 
5.1 Preliminary 2-C-MIM experiments with the standard binder system 
As a preliminary experiment to determine the potential as well as the challenges of the 2-C-
MIM process when dealing if the production of net-shaped titanium parts with a gradient in 
porosity, titanium feedstocks with and without space holder (Ti SB SH and Ti SB, 
respectively) were injection moulded with the 2-C-insertion-MIM and 2-C-sandwich-MIM 
techniques. 
For these preliminary works, the standard binder system SB was employed. This binder 
system was developed in the institute IEK-1 at Forschungszentrum Jülich in the early 1990s 
[110, 111] and was recently used for the production of net-shaped NiTi with [112] and 
without [113] space holder particles by metal injection moulding. 
In a first approach, titanium feedstocks with and without space holder particles were produced 
with the standard binder system SB and simple shaped parts with a gradient in porosity were 
produced by 2-C-insertion-MIM and 2-C-sandwich-MIM. Results of these preliminary 
experiments are given in this chapter. They show that there is a strong need for the 
development of a new feedstock system if fully automated 2-C-MIM production of complex-
shaped parts with a gradient in porosity is aspired. 
5.1.1 Results of 2-C-insertion-MIM 
The 2-C-insertion-MIM was performed with removable inlays with different geometries. Just 
the horizontal unit of the injection moulding machine was used. The feedstock with space 
holder was injected first and, after replacing the feedstock and inserting the green parts in the 
mould, the second feedstock was injected. The injection parameters were taken from previous 
works with this binder system [112] and are summarised in Table 8. 
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Table 8: Injection parameters used for the injection of the feedstocks Ti SB and Ti SB SH for the small 
cylinder mould.  
Feedstock charging Temperature 
Zone Nozzle Screw 
rotational 
velocity 
(U/min) 
Charging 
volume 
(cm3) 
Decompression 
volume (cm3) 1 (°C) 2 (°C) 3 (°C) 4 (°C) 5 (°C) 
Mould 
(°C) 
64 9,15* 3 100 130 141 143 145 45 
 
Compression pressure Injection 
pressure (bar) 1 (bar) 2 (bar) 3 (bar) 4 (bar) Total compression time (s) 
1000 800 650 500 100 3,6 
* For half cylinder shape. 
 
The parts were afterwards debinded by wicking, desalinated in water and sintered (1300°C, 3 
h, vacuum). The cross-sections of the sintered parts obtained are shown in Figure 45. 
 
 
Figure 45: Cross-sectioned sintered samples produced by 2-C-insertion-MIM. Sintering parameters: 
1300°C, 3 h, vacuum. 
 
With the different inlays, it was possible to obtain parts with a stepwise gradient in porosity in 
different geometries. The average sintered radius of all samples (15 parts of different 
geometries) was 12.59 mm with a standard deviation of 0.08 mm, which means that the 
deviation of these samples was less than 0.7%. Considering the radius of the green parts of 
14.18 mm, a shrinkage of approximately 11% took place. 
Microstructure examinations (Figure 46) showed that a well-defined interface between porous 
and dense areas is present. The microstructure of the porous part is typical for the space 
holder method, with very well defined pores homogeneously distributed. 
Titanium – 50% space holder NaCl, 355-500 µm 
Titanium – 0% space holder NaCl 
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Figure 46: Light microscope pictures of one of the graded samples, showing the porous microstructure 
and the interface regions between porous and dense areas. Sintering parameters: 1300°C, 3 h, vacuum. 
 
5.1.2 Results of 2-C-sandwich-MIM 
After checking the availability of the 2-C-insertion-MIM method, the 2-C-sandwich-MIM 
technique was investigated. The same titanium feedstocks, Ti SB and Ti SB SH, were fed to 
the horizontal and vertical injection units, respectively. The parameters used for injection are 
were the same as described in Table 8, except for the charging volumes, which were in this 
case 4,39 cm3 for the feedstock with space holder and 13,90 cm3 for the feedstock without 
space holder. 
During the injection moulding process, difficulties aroused and the process could not be 
undertaken continuously. Binder-powder separation was noticed on the vertical nozzle and on 
the inlet areas of the interval unit, as shown in Figure 47. A binder skin was noticed inside the 
switch-valve as well, as shown in the figure. The vertical injection unit was clogged and the 
feedstock could not flow out of the injection unit after some injection shots. 
The phase separation of the feedstocks with the standard binder system was thought to be 
caused by the very low viscosity of this system. Binders with very low viscosity tend to 
separate from the powder material when subjected to sharp direction changes [38], as seen in 
the interval unit. The powder is denser and has greater inertia, and sharp corners in the flow 
500 µm500 µm500 µm 
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path induce binder and powder to follow different directions. Probably the 90° bends inside 
the switch-valve induced the separation. The sudden decrease in flow cross-section inside the 
switch-valve, as it partially blocks the passage of the material, may also have contributed to 
the phase separation. As a consequence, the viscosity of the feedstock tends to infinity (Figure 
21) if the solids loading is pushed beyond the critical point, what hinders material flow and 
leads to clogging of the equipment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 47: (A) Construction of the interval unit with the switch-valve [118]. The arrows indicate the 
locations where the separated binder was found. (B) Binder separated from powder found at location 
indicated. (C) Detail of the binder skin on the switch-valve.  
 
Although the injection process was interrupted due to clogging after some cycles, some green 
parts were obtained, in which the feedstock with space holder formed the outer skin and the 
feedstock without space holder formed the core of the part. The green parts obtained were 
debinded, desalinated and sintered (1300°C, 3 h, vacuum). The microstructure of the sintered 
part is shown in Figure 48. 
Similar to the samples produced by 2-C-insertion-MIM, a very well defined interface between 
dense and porous areas was achieved with a very well-defined interface between skin and 
core is clear. A shrinkage of about 12% took place in this case.  
 
  
 
A B
C
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Figure 48: Titanium sintered sample produced by 2-C-sandwich-MIM. Sintering parameters: 1300°C, 3 h, 
vacuum. 
 
5.1.3 Discussion of preliminary results 
The feedstocks with the standard binder system showed themselves to be suitable for 2-C-
MIM if the mould geometry used is relative simple. If sharp direction changes and decrease in 
flow cross-sections are present, strong difficulties in moulding arise due to phase separation. 
The use of the vertical injection unit was difficult as well, as the injection unit itself was 
clogged after some cycles. 
Based on the results of the preliminary studies, it was concluded that a new binder system 
needs to be developed for successful application of the 2-C-MIM technique. The standard 
binder SB does not fulfil the requirements for a suitable binder system for the application, 
which were listed in Section 3. This binder does not show suitable flowing behaviour for the 
aimed application of this work and the partial debinding method (wicking) does not have 
practical relevance to industry. The new binder needs to be more stable regarding phase 
separation, so that a continuous 2-C-MIM process can be carried out and another partial 
debinding method must be employed. 
5.2 Development of a new binder system for 2-C-MIM parts with a gradient in 
porosity 
For the development of a new binder system suitable for the 2-C-MIM application, three new 
systems (BS 1, BS 2, BS 3) were investigated as the basis of the new development. As 
discussed in section 4.1.1, feedstocks produced with these binder systems are debinded via 
solvent extraction and cover a wide range of component viscosities.  
After characterisation of the starting powder and binder materials, feedstocks with the three 
new binder systems and with the standard binder system SB were produced with and without 
space holder particles. Taking the standard binder system SB as a reference, the solids loading 
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and the space holder content (in the case of feedstocks with space holder) were the same as 
used in previous works [112] and kept constant for these feedstocks. Samples were warm-
pressed, debinded, desalinated and sintered. The samples were characterised and evaluated for 
the further development, where the flowing behaviour of feedstocks was additionally 
investigated and taken into account. The system with the most promising characteristics was 
chosen for further investigations, where the solids loading was optimised and influences of 
stearic acid addition (system BS 4) and of binder component ratio (system BS 5) were 
evaluated. The most promising feedstocks were chosen for further development steps. 
5.2.1 Characterisation of powders and space holder 
The investigated powders and space holder were subjected to particle size analysis and 
scanning electron microscopy (SEM). The particle size distribution is shown in Table 9 and 
the result lies within the range specified by the producers. A significant grain size difference 
between metal powders and space holder is evident. The particle size distribution of the 
Fe22Cr- and the Ti-powder lays within a similar range, so that a transfer of viscosity 
measurement results from Fe22Cr to Ti powders is expected. 
 
Table 9: Particle size distribution of the investigated powders and space holders. 
Material 
Particle size 
range 
Manufacturer Batch d10 (m) d50 (m) d90 (m) 
Fe22Cr 20-53 m HC Starck 15779 18 34 43 
Ti (Grade II) < 45 m TLS 1071/3 8 20 37 
NaCl 355-500m AppliChem 8 O 010051 172 348 612 
 
The SEM pictures of the Fe22Cr- and the Ti-powder are shown in Figure 49. Although the 
predominant shape is round, inhomogeneities and satellites (sticking of small particles on the 
surface of coarse ones) are clearly present for both powders. Such deformations may have an 
influence on the flowing behaviour of the feedstock, on the green density of samples, as well 
as on their sintering behaviour. 
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Figure 49: (A) and (B): SEM pictures of the Ti-powder. (C) and (D) SEM pictures of the Fe22Cr-powder. 
 
The SEM picture of the NaCl particles are shown in Figure 50, where a picture of the NaCl 
particles together with the Ti-powder particles is shown as well. The NaCl particles are 
roughly square and much larger than the metal powder. These differences in size and shape 
are likely to influence flowing behaviour of the feedstock. 
 
 
 
 
 
 
 
 
 
Figure 50: (A) SEM picture of the NaCl particles. (B) SEM picture of the NaCl particles together with the 
titanium powder. 
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The chemical analysis results for the titanium powder are shown in Table 10. The 
composition is within the ISO 5832-2 limit range for titanium grade 2 (C <0.08 wt%, O <0.25 
wt%, N <0.05 wt%). 
Table 10: Chemical analysis results for the titanium powder used. 
Material 
Particle size 
range 
Manufacturer Batch C (wt %) O (wt %) N (wt %) 
Ti (Grade II) < 45 m TLS 1071/3 0.01 0.18 < 0.001 
 
5.2.2 Characterisation of binder components and binder systems 
For the preliminary experiments with warm pressed samples with the standard binder (SB) 
and the paraffin-based binder systems BS 1, BS 2 and BS 3, the respective binder components 
and binder systems were analysed by DSC, TGA and rotational viscosimetry. All curves are 
shown in Table 11 and Table 12. 
The DSC curves shown are derived from the second heating cycle. It is clear that the melting 
peaks of the single components are present in the binder systems investigated. The initial (Ti), 
peak (Tp) and final (Tf) melting temperatures were recorded and are shown in Table 13 
(binder components) and Table 14 (binder systems). Table 15 shows the differences in the 
peak melting temperature for the single component measured alone and the component 
characteristic peak in the binder system. The peak displacement is defined here as the 
difference between these peaks. 
When no significant peak displacement exists, as it is the case for the SB system, there is an 
indication that the components are mainly not soluble in each other. The melting peaks of the 
paraffin-based systems show peak displacement, which indicates phase interaction. The most 
significant displacements are seen for BS 2 and BS 3, reaching up to 16°C in the case of BS 3. 
It is described in the literature [121] that polymer binary systems are normally mixtures that 
split into two metastable phases, in which both component materials are present. Displaced 
melting temperatures suggest that the materials are present in either phases and change 
therefore its characteristics. Phase equilibria diagrams of binary systems show this behaviour 
[124]. 
Due to the melting peak displacements observed for the paraffin-based systems, it was 
concluded that a working temperature of 150°C would be high enough for preliminary 
experiments regarding feedstock preparation and characterisation. Further optimisation of the 
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working temperature was conducted after capillary measurements, as will be described later. 
The same working temperature was chosen for experiments with the standard binder (SB), as 
it was found to be suitable in previous works as well [112]. 
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Table 13: Initial (Ti), peak (Tp) and final (Tf) temperatures of the curves of the second heating of DSC for 
the binder components. 
 Ti Tp Tf 
Paraffin 65 - 71.0 93.7 
PE 520 - 116.7 130.2 
PE 190 87.8 138.7 156.7 
Hostalen GA 7260 G 85.8 141.2 158.5 
Wax C 113.4 147.6 163.2 
 
Table 14: Initial (Ti), peak (Tp) and final (Tf) temperatures of the curves of the second heating of DSC for 
the binder systems. 
 Ti Tp Tf 
SB (1st peak) - 116.4 - 
SB (2nd peak) - 146.3 163.1 
BS 1 (1st peak) - 75.3 - 
BS 1 (2nd peak) - 113.4 127.3 
BS 2 (1st peak) - 79.5 - 
BS 2 (2nd peak) - 125.8 142.4 
BS 3 (1st peak) - 72.7 - 
BS 3 (2nd peak) - 125.1 136.0 
 
Table 15: Displacements of the temperature of the melting peak (Tp) of the DSC curves. 
 Degrees (°C) 
SB (1st peak) -0.3 
SB (2nd peak) -1.3 
BS 1 (1st peak) +4.2 
BS 1 (2nd peak) -3.3 
BS 2 (1st peak) +8.5 
BS 2 (2nd peak) -12.9 
BS 3 (1st peak) +1.6 
BS 3 (2nd peak) -16.1 
 
The results of the TG analysis indicate the temperature for thermal decomposition of the 
binder components and binder systems. The initial (Ti), maximum loss rate (Tdw/dt) and final 
(Tf) temperatures are shown in Table 16 (binder components) and Table 17 (binder systems). 
All binder components and binder systems are already decomposed before 500°C or during 
the 500°C holding period. This shows that probably all binder materials are decomposed at 
this temperature during the thermal debinding cycle used for the warm pressed and injected 
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samples. Nevertheless, it is likely that the powder material has a catalytic effect on binder 
decomposition, as it was previously described in other studies [82]. In the case of the binder 
systems SB, BS 2 and BS 3, two peaks of the temperature of maximum loss rate (Tdw/dtmax) 
were recognised, which are related to the decomposition of the binder components in the 
system. For the system BS 1, only one broader peak was present, indicating that the 
decomposition of the binder components is more overlapped in this case as compared to the 
other systems. 
 
Table 16: Initial (Ti), temperature at maximum loss rate (Tdw/dtmax) and final (Tf) temperatures of the TG 
curves for the binder components. 
 Ti (°C) Tdw/dtmax (°C) Tf (°C) 
Paraffin 65 205.0 440.4 489.2 
PE 520 334.5 475.7 500* 
PE 190 391.7 472.1 484.1 
Hostalen GA 7260 G 389.7 475.1 487.1 
Wax C 284.9 434.8 500* 
Stearic acid - 319.5 465.5 
*during holding period. 
Table 17: Initial (Ti), maximum loss rate (Tdw/dtmax) and final (Tf) temperatures of the TGA curves for the 
binder systems. 
 Ti (°C) Tdw/dtmax1 (°C) Tdw/dtmax 2 (°C) Tf (°C) 
SB  300.3 442.0 475.5 500* 
BS 1 221.1 446.3 500* 
BS 2  227.7 418.3 485.2 500* 
BS 3  229.1 412.3 477.3 500* 
*during holding period 
 
The viscosity values for binder components and binder systems are shown in Table 18. 
Paraffin wax and the amide wax (Wax C) are the less viscous components. Among the 
polyethylene waxes, PE 520 is around ten times less viscous than PE 190. Hostalen GA 7260 
G is the most viscous material investigated. As the first components of the binder systems 
have comparable viscosities, the final viscosity of the binder system is mainly dictated by the 
viscosity of the second component. Systems with more viscous second components are more 
viscous than systems with less viscous second components. The system BS 3 exhibits a 
viscosity value which is the closest to the value proposed in the literature (10 Pas [38]) 
among the binder systems studied. 
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Table 18: Viscosities at 150°C.  
Binder components / Binder systems  (Pa.s) at  = 100 s-1 
Wax C 0.012 
Paraffin 65 0.002 
PE 520 0.62 
PE 190 14.9 
Hostalen GA 7260 G 308 
SB 0.15 
BS 1 0.04 
BS 2 0.53 
BS 3 12.4 
 
According to German [38], the viscosity of a binder system may be estimated by the 
following equation: 
 

i
iiB w )ln()ln(             Formula 26 
 
where: 
B is the viscosity of the binder system 
wi is the weight fraction of the component i 
i is the viscosity of the component i 
 
The viscosity values of the measurements and the expected values calculated with Formula 26 
from the values of the single components (Table 18) are shown in the table below: 
 
Table 19: Measured and calculated values for viscosity of the binder systems. 
 SB BS 1 BS 2 BS 3 
Measured binder 
viscosity (Pa.s)* 
0.15 0.04 0.53 12.4 
Binder viscosity 
calculated (Pa.s)** 
0.05 0.02 0.06 0.19 
* at 150°C, 
.
 = 100 s-1. 
** calculated from viscosities of single components, measured at 150°C, 
.
 = 100 s-1 (Table 18). 
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It seems that Formula 26 does not predict the viscosity of the binder systems studied in this 
work. Large deviations from the measured viscosity are seen. Formula 26 was originally 
proposed by Arrhenius and latter modified by Kendall [125]. The formula is valid for binary 
mixtures of ideal liquids, where the composition is actually expressed in volume (Arrhenius) 
or molar fraction (Kendall). The formula does not apply to binder systems which are not close 
to the ideal solution behaviour, where molecules with very similar nature are involved. The 
large difference in molecular weight of the binder components involved (section 2.5.1) 
strongly contributes to the deviation from an ideal behaviour of the system. Mixtures 
composed of materials with very different physical constants are already reported to deliver 
great deviations from values predicted by the formula proposed [126]. 
5.2.3 Warm pressing and green density 
The Ti-feedstocks Ti SB, Ti SB SH, Ti BS 1, Ti BS 1 SH, Ti BS 2, Ti BS 2 SH, Ti BS 3 and 
Ti BS 3 SH were warm pressed. During warm pressing, it was noticed that, already in this 
simple experimental set up, a slight binder-powder separation took place for the feedstocks 
with the standard binder (SB) and with the BS 1 system. When the sample was taken out of 
the form, separated binder could be seen on the die wall and on the pressing plunger. Both 
binder systems are characterised by their low viscosity. This behaviour was not observed for 
the samples with the systems BS 2 and BS 3. 
The green density of the samples was evaluated by the geometrical and the Archimedes 
method. As paraffin, polyethylene and Wax C are not soluble in water [59, 127], the 
measurements with the Archimedes method were carried out without problems for the 
samples without space holder. It was assumed that the samples were intact after the 
measurement and could be further used. The results are shown in Figure 51. The theoretical 
density was calculated by the rule of mixture. 
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Figure 51: Green density of the samples without space holder, geometrical method (left) and Archimedes 
method (right) (n=8). Pressing parameters: 110 MPa, 150°C. 
 
All samples exhibit a lower density than the theoretical green density of the feedstock (3,38 
g/cm3). It seems that the mixture does not pack to full density and inevitability voids are 
formed during the process.  
It can be seen that the samples of the standard binder SB and the BS 1 samples tend to have a 
slight higher green density than the samples of the systems BS 2 and BS 3. This tendency was 
confirmed by both measurement methods. A possible reason for the slight higher green 
density of the SB and BS 1 samples is a different wetting behaviour of binder on the particles. 
The effect of fluid dynamics on wettability has been described in the literature [128]. The 
final spread of the liquid on a solid substrate is dependent on liquid viscosity and can be 
mainly attributed to viscous dissipation effects. The viscous dissipation is proportional to the 
liquid viscosity and a droplet with higher viscosity must overcome more dissipation energy 
during its spreading process, so that it spreads less than less viscous materials on the same 
substrate. It is possible that the standard binder SB and the BS 1 binder, being less viscous, 
wet better on the particle surface and less voids are formed than in the case of BS 2 and BS 3. 
It is likely that if the pressing parameters are optimised and the pressure employed is 
increased, the green density of the samples is increased. In this case, more energy would be 
employed to overcome viscous dissipation effects of the binder materials.  
The samples with space holder were measured only with the geometrical method, as it was 
probable that either NaCl would dissolve in water or the binder components would dissolve in 
nonpolar solvents [127]. But as both measurement methods showed comparable results for the 
samples without space holder, it is assumed that the results of the geometrical method are 
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sufficient for the characterisation of the green density of the samples with space holder. The 
results are shown in Figure 52 below: 
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Figure 52: Green density of the samples with space holder, geometrical method (n=8).Samples with 50 
Vol.% space holder. Pressing parameters: 110 MPa, 150°C. 
 
The samples with space holder show the same tendency as the samples without space holder. 
The feedstocks with the SB and BS 1 systems exhibit a slightly higher green density as 
compared to BS 2 and BS 3 samples. All samples have a lower density than the theoretical 
value. The reasons for these observations were already discussed above. 
5.2.4 Partial debinding 
The first step of debinding was investigated for the samples with the systems SB, BS 1, BS 2 
and BS 3, with and without space holder. For the SB binder, the wicking process was 
investigated. For the paraffin-based systems, solvent debinding in hexane was performed. 
The mass loss of the samples was recorded after various debinding times. Assuming that only 
binder material is removed during the process, the binder loss was plotted against the 
debinding time and is shown in Figure 53. The percentage of binder loss was calculated 
taking into account the theoretical binder amount in the feedstock. 
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Figure 53: Debinding curves for the feedstocks with the standard binder system SB. Debinding was done 
by wicking in Al2O3 sand. 
 
In the case of the standard binder SB, it seems that around 90 wt.% of the total binder content 
is removed if the process is run for 20 hours or more (Figure 53). This is probably due to the 
fact that both binder components are molten at the wicking temperature of 150°C. The first 
binder component (Wax C), which has to be removed during the first stage of debinding and 
represents 60wt% of the total binder content, has a higher melting point than the second 
component (PE 520) of this system. As both components are molten during wicking, probably 
they are both extracted by capillary forces during the process, so that 90 wt.% of the total 
binder content is removed. This is actually not usual, as normally only the first binder 
component should be extracted during the first stage of debinding. The samples which were 
further processed (desalination and sintering) and characterised were wicked for 10 hours, as 
the standard processing parameters used in previous works with this binder system [112].  
The influence of the solvent temperature was investigated for the system BS 1. Figure 54 
shows the samples with and without space holder subjected to 25 and 50°C debinding 
temperatures.  
Results 
 
99 
 
 
 
 
 
 
 
 
 
Figure 54: Solvent debinding curves for the feedstocks with the binder system BS 1 at 25 and 50 °C. 
 
In the case of solvent extraction for the system BS 1, around 30 wt.% of binder loss is 
recorded for extraction at 25°C even after 48 hours. That mass loss is much less than the 
theoretical amount of paraffin in the binder system (62 wt.%), which was expected to be 
extracted by the solvent. It seems that higher temperatures than 25 °C have to be employed 
for complete extraction of paraffin. In the case of the extraction at 50°C, the process is faster 
for the first hours of debinding. This is already expected, as predicted by Formula 1. 
Nevertheless, the samples did not withstand longer contact with hexane and were broken off, 
so that no reliable values for mass loss could be recorded for periods longer than 2 hours. 
The debinding curves for the systems BS 2 and BS 3 are shown in Figure 55. In this case, 
extraction was performed at 50°C, due to the faster debinding as compared to 25°C as seen 
for BS 1 samples. The samples could withstand the contact with solvent and did not break off 
in the hexane bad, except for Ti BS 2 at debinding times longer than 36 hours. 
 
 
 
 
 
 
 
 
 
Figure 55: Solvent debinding curves for the feedstocks with the binder system BS 2 and BS 3 at 50 °C. 
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For the system BS 2 and BS 3, the samples loose around 50 wt.% of binder after 48 hours 
debinding at 50°C (Figure 55). Probably only paraffin is removed during the extraction and 
PE 520 remains in the samples, as paraffin is soluble in hexane and polyethylene is not. 
For all systems investigated, it seems that there is no relevant difference between the solvent 
extraction of the first binder component in the samples with or without space holder. 
The density of the samples was measured by the geometrical method after the first debinding 
step. The same tendency as for the green bodies is present for the partially debinded samples. 
As seen in Figure 56, the SB and BS 1 samples show a slight higher density than the BS 2 and 
BS 3 samples. This effect is related to the slight higher green density of the samples SB and 
BS 1. 
 
 
 
 
 
 
 
 
 
Figure 56: Density of the samples with (right) and without space holder (left) after the first debinding step 
(n=7). Extraction parameters: 50°C, hexane, 48 h. Wicking parameters: 150°C, Al2O3 bed, 10 h. 
 
The linear change in height and diameter of the samples with respect to the green bodies was 
recorded. The dimensional change in height (Figure 57) is much more pronounced than the 
change in diameter (Figure 58). The samples with the paraffin-based systems tend to exhibit a 
small height expansion, in contrast to the SB samples, which show negligible dimensional 
change. It seems that there is an influence of the second component used in paraffin-based 
systems on the height expansion of the samples after debinding. The BS 3 samples, both with 
and without space holder, show the highest expansion, followed by BS 2 samples. The BS 1 
samples expand less than the BS 2 and BS 3 samples. According to the literature [74], the 
dimensional change during solvent debinding takes place in two stages, where the first 
swelling stage is due to the swelling of paraffin and the second stage due to the swelling of 
the insoluble polymers. The polymer material Hostalen GA 7260 G and PE 190 seem to be 
more sensitive to swelling than PE 520. Additionally to the swelling of the binder 
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components, it is possible that the voids inside the green body may have acted as stress 
concentrators and led to the formation of larger voids inside the sample. That would be one of 
the reasons why the BS 2 and BS 3 samples, which have lower green density as compared to 
BS 1 samples (Figure 51 und Figure 52), exhibit the higher expansion after solvent debinding. 
 
 
 
 
 
 
 
 
 
Figure 57: Linear change in height of the samples with (right) and without (left) space holder after the 
first debinding step (n=7). Extraction parameters: 50°C, hexane, 48 h. Wicking parameters: 150°C, Al2O3 
bed, 10 h. 
 
 
 
 
 
 
 
 
 
 
Figure 58: Linear change in diameter of the samples with (right) and without (left) space holder after the 
first debinding step (n=7). Extraction parameters: 50°C, hexane, 48 h. Wicking parameters: 150°C, Al2O3 
bed, 10 h. 
 
Although the swelling is less pronounced for the samples with PE 520 and PE 190 materials, 
it was observed that some of theses samples were partially broken off during immersion in n-
hexane, as mentioned previously. One broken-off sample is shown in Figure 59 A. This effect 
was more pronounced for BS 1 than for BS 2 samples. Another defect observed was the 
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formation of cracks at the surface of some samples after the solvent extraction process. This 
effect was observed mainly for the BS 3 samples. 
 
 
Figure 59: (A) BS 1 sample after solvent debinding. Broken off parts are shown by the arrows. 
5.2.5 Desalination 
After the partial debinding, the samples with the space holder were further desalinated in 
water bath at 60°C. After 24 h desalination, the samples were taken out of the water bath and 
the mass loss determined, in order to check if all NaCl was removed. After 24 h, the samples 
of the feedstocks Ti SB SH and Ti BS 1 SH showed 100 wt% NaCl loss. On the other hand, 
the samples of the feedstocks Ti BS 2 SH and Ti BS 3 SH showed 89 wt% loss of NaCl. 
Therefore, the samples were for further 24 h desalinated. After this second step of 
desalination, all samples showed 100 wt% loss of NaCl.  
The linear change in dimension with respect to the samples after the first stage of debinding 
was recorded and the results can be seen in Figure 60 below:  
 
 
 
 
 
 
 
 
Figure 60: Linear change in diameter (right) and height (left) of the samples after desalination (n=6). 
Values calculated with respect to the dimensions of partially debinded samples. Desalination parameters: 
60°C, water, 48 h. 
 
As compared to the dimensional changes occurred during solvent debinding (Figure 57 and 
Figure 58), the dimensional changes after desalination are almost negligible. It seems that few 
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or no swelling takes place during the process. This is expected, as polyethylene and 
polyethylene waxes are insoluble in water and no swelling in water is reported in the literature 
for these materials.  
5.2.6 Sintering 
All samples could be sintered and the pictures of the sintered samples are shown below in 
Figure 61: 
 
 
 
 
 
 
 
 
Figure 61: Pictures of the sintered samples. (A) samples without space holder (B) samples with space 
holder. Sintering parameters: 1300°C, 3 h, vacuum. 
 
The surface porosity of the samples with space holder tended to be partially closed, and this 
effect was more pronounced for the paraffin-based binder systems. One of the samples, where 
this effect can be clearly seen is the BS 2 sample in Figure 61 B. For the Ti SB SH series, 
sand rests from the wicking process must be removed using a scalpel, before desalination. 
This treatment is though to be one of the reasons for an improved open porosity, due to 
removal of metal particles by the scalpel along with the sand. This may therefore contribute to 
open the surface porosity of the samples with the standard binder (SB) in comparison to the 
samples with the paraffin-based systems. These systems, on the other hand, do not undergo 
any cleaning or surface treatment after solvent debinding.  
The vertical and horizontal shrinkage of the sintered samples with respect to the green bodies 
were calculated from sample dimensions after sintering. The results are shown in Figure 62 
and Figure 63. The samples without space holder exhibit an average shrinkage of 9,8% in 
height and 11,3% in diameter. The samples with space holder shrink relatively more, with 
11,6 and 12,2 % height and diameter shrinkage respectively. 
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Figure 62: Height and diameter shrinkage for the samples without space holder after sintering (n=5). 
Sintering parameters: 1300°C, 3 h, vacuum. 
 
 
 
 
 
 
 
 
 
Figure 63: Height and diameter shrinkage for the samples with space holder after sintering (n=5). 
Sintering parameters: 1300°C, 3 h, vacuum. 
 
The difference in sintering shrinkage between feedstocks with and without space holder may 
be attributed to deviations of the actual binder content to the optimal binder content of the 
mixture. Samples with the optimal binder content (or less binder than the optimal point) have 
the amount of binder necessary to fill in the voids in the spaces between particles completely. 
The binder layer at the point where particles touch has normally negligible thickness (around 
0,07 m) at this point [38]. If the feedstock has small excess of binder, the binder thickness in 
between particles may not be negligible anymore and lead to higher sintering shrinkage. It is 
possible that the feedstocks with space holder fall into this situation. 
The sintered density of the samples was calculated from geometrical measurement results and 
is shown in Figure 64 below: 
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Figure 64: Sintered density of the samples with (right) and without (left) space holder. 
 
The titanium samples without space holder do not reach the theoretical density of the material, 
whereas the theoretical density is exceeded in the case of the samples with space holder. In 
both cases, the samples with BS 2 and BS 3 binder systems exhibit slightly higher density 
values. This is in accordance with the higher shrinkage exhibited by these samples (Figure 62 
and Figure 63).  
The samples without space holder exhibit in average 7,2% residual porosity from the density 
values compared to the theoretical density of titanium (4,50 g/cm3). The samples with space 
holder exhibit 48,2% porosity in average, which leads to higher values of sintered density as 
compared to a 50% porous titanium sample (2,25 g/cm3). This may be attributed to the high 
sintering shrinkage of the titanium struts at 1300°C, which also causes a shrinkage of the 
macropores left by the space holder particles. 
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5.2.7 Microstructure characterisation  
The microstructure of the samples was investigated and the light microscope pictures of the 
samples without space holder are shown below: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 65: Microstructure of the samples without space holder. Sintering parameters: 1300°C, 3 h, 
vacuum. 
 
The microstructure of the samples is relatively similar. All samples exhibit a comparable 
residual porosity in the inner part of the samples.  
Although the inner part of the samples is similar, it was observed that the sample with the BS 
3 binder exhibited cracks at the border area of the sample. These cracks are probably due to 
the solvent extraction process, as the strongest expansion in sample dimensions was 
especially noticed for the samples with this binder system.  
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Figure 66: Cracks at the border area of the sample Ti BS 2. 
 
The microstructure of the samples with space holder is shown in Figure 67 below: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 67: Microstructure of the samples with space holder. Sintering parameters: 1300°C, 3 h, vacuum. 
 
The microstructure of the samples with space holder seems to be quite similar, independent of 
the feedstock. The pores are homogeneously distributed and the porosity was in average 46% 
  
  
Ti BS 1 PH Ti HB PH 
 
Ti BS 2 PH 
 
Ti BS 3 PH 
  500 m 500 m
500 m 500 m
500 m 500 m
Results 
 
108 
after calculation with the Analysis Software (3 pictures for each sample). In this case, no 
cracks in the samples were noticed.  
5.2.8 Chemical impurities 
The results of the chemical analysis of the starting powder, brown parts and sintered parts are 
shown graphically in Figure 68.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 68: Carbon (A and B), oxygen (C and D) and nitrogen (E and F) content of starting powder, brown 
and sintered parts. Debinding parameters: 500 °C, 2 h. argon. Sintering parameters: 1300°C, 3 h, vacuum. 
(n=3-5) 
  
  
  
(A) (B) 
(C) (D) 
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Although the levels of all elements increase as compared to the starting material levels, the 
contamination of the titanium material with nitrogen seems to be negligible in comparison to 
carbon and oxygen. Although some samples reached 0.015 wt.% nitrogen content, where the 
contamination level is higher for the samples with space holder as compared to the samples 
without space holder, the nitrogen content was below the sensitivity of the equipment (< 
0.001 wt.%) for some specimens. The individual results for carbon and oxygen levels of the 
sintered samples are discussed more in detail and are shown in Table 20. 
 
Table 20: Oxygen and carbon contamination levels of the samples as compared to the starting powder. 
Oxygen (wt.%) Carbon (wt.%) 
Increase Increase Sample Starting 
powder 
Sintered 
part Absolute* 
(wt.%) 
Relative
** (-) 
Starting 
powder 
Sintered 
part Absolute 
(wt.%) 
Relative
** (-) 
Ti SB 0.18 0.25 0.07 1.4 0.01 0.05 0.04 5 
Ti BS 1 0.18 0.20 0.02 1.1 0.01 0.03 0.02 3 
Ti BS 2 0.18 0.20 0.02 1.1 0.01 0.04 0.03 4 
Ti BS 3 0.18 0.20 0.02 1.1 0.01 0.04 0.03 4 
Ti SB SH 0.18 0.34 0.16 1.9 0.01 0.08 0.07 8 
Ti BS 1 SH 0.18 0.26 0.08 1.4 0.01 0.05 0.04 5 
Ti BS 2 SH 0.18 0.27 0.09 1.5 0.01 0.05 0.04 5 
Ti BS 3 SH 0.18 0.27 0.09 1.5 0.01 0.06 0.05 6 
* Absolute increase: contamination of sintered part – contamination of starting powder 
** Relative increase: contamination of sintered part / contamination of starting powder 
 
For both carbon and oxygen, the contamination level increases with thermal debinding, for 
samples with and without space holder. When the samples are sintered, the tendency is that 
the contamination levels of both carbon and oxygen decrease for the samples without space 
holder and increase for the samples with space holder. It seems that the addition of space 
holder particles to the feedstock and especially the desalination step at 60°C to which the 
samples are subjected probably contaminate the titanium particles more than in the case of 
space holder free feedstocks. 
The influence of the binder system composition on the contamination level of the samples is 
clear. For both carbon and oxygen, the contamination level is always higher for the samples 
with the SB system than for the paraffin-based systems. This occurs for both materials with or 
without space holder, as brown or sintered part. Sintered samples without space holder with 
the paraffin-based systems have around 0.20 wt.% oxygen and therefore fulfil the ASTM 
requirements of grade 2 (< 0.25 wt.% oxygen). The samples with space holder are just 0.02 
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wt.% above grade 2 level. The SB samples without space holder, on the other hand, are on the 
limit of grade 2 due to their oxygen content of 0.25 wt%. The SB samples with space holder 
are on the limit of grade 3 (< 0.35wt.% oxygen), with 0.34 wt.% oxygen. In previous studies 
[112], only ASTM grade 4 was achieved for 50 % porous titanium samples. 
The different oxygen contamination levels of samples with SB and paraffin-based systems is 
probably due to the chemical composition of the binder materials employed. Paraffin-based 
systems are composed of oxygen-free molecules, in contrast to the SB system, where Wax C 
is an oxygen containing material. The oxygen of remaining Wax C in the sample after the first 
stage of debinding probably reacts with the titanium powder during thermal debinding and 
sintering. It seems that Wax C influences the contamination of the samples with carbon as 
well. The carbon contamination of the samples with the BS 1 system is significant lower than 
the SB samples, although both systems have the same second binder component (PE 520). 
This suggests that residuals of Wax C remain in the sample after the first stage of debinding 
and contaminate the SB samples with carbon during debinding and sintering. 
5.2.9 Graded samples by warm pressing 
The possibility of the production of samples with a gradient in porosity with the investigated 
binder systems was evaluated by warm pressing feedstocks with and without space holder, 
one after another. The samples were debinded, desalinated and sintered. Parts with a gradient 
in porosity could be produced with all feedstocks. A picture of the cross-section of the 
samples produced, together with the typical microstructure, is shown in Figure 69. 
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Figure 69: Pictures of titanium samples with a gradient in porosity. The microstructure of the sample with 
the BS 3 binder system is shown as an example. Sintering parameters: 1300°C, 3 h, vacuum. 
 
All samples exhibit a similar microstructure. The interface between the porous and dense 
parts, deriving from feedstocks with and without space holder particles, is very well defined. 
All samples still show less than 1% standard deviation in diameter shrinkage (n=3), despite of 
the gradient in porosity and the different shrinkages of the dense and porous masses. The only 
exception here are the samples with the BS 1 system, which were partially broken off at the 
surface after solvent debinding and therefore showed increased dimensional deviation. 
5.2.10 Feedstock flowing behaviour and choice of preferred binder system 
After confirming the potential of the investigated feedstocks for the production of samples 
with a gradient in porosity, the rheology of the feedstocks was investigated. The objective 
here was to choose the feedstocks which are best suitable for the 2-C-MIM application. The 
feedstocks without space holder (Ti SB, Ti BS 1, Ti BS 2 and Ti BS 3 with 68 Vol.% solid 
content each) were investigated hereby at first.  
After feeding the feedstock in the bore, the feedstocks Ti SB and Ti BS 1 showed binder-
powder separation during the heating up phase. Binder material with powder particles in 
suspension flowed out of the capillary. When the test was started, the capillary was clogged 
by the remaining Ti-particles and no measurement could be carried out. The phase separation 
observed was already expected for these feedstocks, as their binder systems exhibit a very low 
 
SB 
BS 1 BS 2 
BS 3 
   
500 m500 m500 m 
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viscosity (Table 18) as compared to the other feedstocks investigated and to the value 
suggested in the literature (up to 10 Pas) [38]. Further studies at the capillary rheometer with 
these feedstocks were discontinued. Their use for the 2-C-MIM application seems to be 
unsuitable, especially if used in the vertical injection unit. 
No binder-powder separation was observed during the heating up phase for the feedstocks Ti 
BS 2 and Ti BS 3. Nevertheless, when the measurement was started, the feedstock started to 
flow but stopped before reaching 1000 s-1 shear rate. This seems to be an indication that the 
solids content was over the critical limit. It was presumed that the optimum powder content of 
the feedstocks must be found for transferring the results of warm pressing to the 2-C-MIM 
process. Therefore, the solids loading of the feedstocks were varied for the further 
investigation. This study was done using Fe22Cr powder. The feedstocks Fe BS 2 and Fe BS 
3 were produced with reduced solids contents (50 and 60 Vol.% powder). Here, two different 
behaviours were observed when heating up the feedstocks in the equipment bore. The 
feedstock Fe BS 2 flowed considerably out of the capillary during the heating up phase, 
whereas a negligible flow was observed for Fe BS 3.  
As it is not desirable that the feedstock flows during the heating up phase, as the use in the 
vertical injection unit would be affected in the case of 2-C-MIM, further tests with the 
feedstock Fe BS 2 were discontinued. The investigation was further carried out with the Fe 
BS 3 feedstock, where the solids loading was further varied. 
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5.3 Optimisation of feedstock solids loading and flowing behaviour using Fe22Cr 
powder 
After investigating the flowing behaviour of the titanium feedstocks and choosing the most 
promising binder system for the 2-C-MIM application, the feedstock solids loading was 
optimised. Moreover, the effects of stearic acid addition, space holder particles, and binder 
component ratio were further studied. The results obtained are presented in the next sections.  
5.3.1 Effect of solids loading 
The shear viscosity of the feedstock Fe BS 3 versus the shear rate curves are shown in Figure 
70 for different solids loadings, with and without Bagley and Rabinowitsch corrections. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 70: Shear viscosity versus shear rate for feedstocks Fed BS 3 with different powder contents. (A) 
No corrections applied. (B) With Bagley correction. (C) With Rabinowitsch correction. (D) With both 
corrections. Temperature of the measurements: 150°C. 
 
 
 
 
(A) 
(D) 
(B) 
 
(C) 
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It seems that the Bagley correction has a greater influence than the Rabinowitsch correction. 
No significant difference is seen between the uncorrected curves (Figure 70 A) and the curves 
with the Rabinowitsch correction (Figure 70 C). On the other hand, when the curves are 
submitted to the Bagley correction (Figure 70 B), the viscosity values are clearly lower than 
the uncorrected ones (Figure 70 A). That is probably due to a high pressure drop at the 
capillary entrance. 
The viscometer encountered difficulties in measuring the viscosity at 4000 s-1 shear rate for 
the 64 Vol.% solids loading feedstock, as the maximal force of the rheometer was reached. 
An attempt was made to measure the viscosity of the feedstock with 68 Vol.% powder, but in 
this case no measurement was possible. As the test was started after the heating up phase, the 
capillary was clogged. This is an indication that the critical point of the mixture was reached.  
As expected, the viscosity of the feedstock increases with increasing solids loading, as 
described by Formula 5. Independent of the solids content, all materials exhibit shear thinning 
behaviour, as known also for other PIM-feedstocks [38].  
An attempt was made to compare the values of shear viscosity obtained by capillary 
measurements with values obtained the formula described in the literature to predict viscosity 
of suspensions as a function of the solids loading (Formula 5). For the calculation, the 
parameter c , related to the particle packing, was considered as 0.68, which is described as 
the appropriate value when smooth spheres are used [91]. The binder viscosity 	B was taken 
from the values obtained from the rotational viscometer at 1000 s-1 (2.2 Pa·s; Table 12). The 
viscosity values were calculated and the results obtained are shown in Table 21. 
 
Table 21: Feedstock viscosity calculated by formula in the literature and results obtained from the 
capillary viscometer. Measurement parameters: 
.
 = 1000 s-1, T = 150°C. 
Solids loading 
(Vol.%) 
Feedstock viscosity 
calculated by Formula 5 
(Pa.s) 
Measured feedstock 
viscosity (Pa.s) 
50 31.4 34.4 
60 159.0 64.1 
64 635.8 109.6 
 
It seems that the formula proposed in the literature predicts well the feedstock viscosity at 50 
Vol.% solids loading, but fails to predict the value at higher solids loadings. The values 
predicted at 60 and 64 Vol.% powder are much higher than the values measured at the 
capillary viscometer. Formula 5 is an empirical equation, obtained with polymer melts with 
various fillers up to 40 Vol.% powder [89]. Another empirical equation proposed in the 
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literature [99], where solids loadings up to 60 Vol.% were tested, showed even strongest 
disagreement with the data obtained from the capillary viscometer. 
5.3.2 Effect of stearic acid 
For further improvement of flowing behaviour, stearic acid was added to the mixture in the 
case of the feedstock Fe BS 4. The results are shown in Figure 71. 
 
 
 
 
 
 
 
 
Figure 71: Shear viscosity versus shear rate for feedstocks Fed BS 4 with different powder contents. 
Temperature of the measurement: 150 °C. 
 
As expected, the viscosity increases again with increasing powder content. Figure 72 shows 
that if the feedstocks with and without stearic acid are compared, it seems that there is no 
significant difference in viscosity for the powder contents of 50 and 60 Vol.%. On the other 
hand, the difference in viscosity of the feedstocks with and without stearic acid is 
considerable for the 64 Vol.% solids content, as can be seen in Figure 72 B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 72: Corrected shear viscosity versus corrected shear rate for the feedstocks Fe BS 3 and Fe BS 4. 
(A) 50 and 60 Vol.% powder. (B) 64 Vol.% powder. Temperature of the measurement: 150 °C. 
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If a the viscosity is plotted against the powder content at a constant shear rate, the difference 
in viscosity of Fe BS 3 and Fe BS 4 at 64 Vol.% powder is evident. The curves are shown in 
Figure 73. 
 
Figure 73: Viscosity versus powder content for the feedstocks Fe BS 3 (without stearic acid) and  
Fe BS 4 (with stearic acid). Measurement parameters: 
.
 = 1000 s-1, T = 150°C. 
 
For both feedstocks, with and without stearic acid, no viscosity could be measured for the 
feedstock with 68 Vol.% powder, as the capillary was clogged when the test was started. The 
critical point seems to be already reached at 68 Vol.% powder. The viscosity increases 
drastically if the solids content reaches 64 Vol.% powder for Fe BS 3. The addition of stearic 
acid in the feedstock Fe BS 4 decreased the viscosity considerably at this powder content. On 
the other hand, it seems that stearic acid does not have a significant influence on feedstock 
viscosity at solid contents far from the critical point (50 and 60 Vol.% powder). Due to the 
lower viscosity value when nearing the critical point of the mixture, the use of stearic acid 
was favoured in this work and this additive was used for further investigations. 
5.3.3 Effect of space holder particles 
Feedstocks with space holder particles were investigated using the binder system BS 4. The 
results for the feedstocks with 50, 60 and 68 Vol.% solids contents are shown in Figure 74. 
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Figure 74: Corrected shear viscosity versus corrected shear rate for the feedstocks Fe BS 4. (A) Feedstocks 
with space holder. (B) Comparison of feedstocks with and without space holder with 50 and 60 Vol.% 
solids loading. Temperature of the measurements: 150°C. 
 
The viscosity of the feedstock Fe BS 4 SH could be measured with the capillary viscometer 
up to 68 Vol.% solids loading. The feedstock with 72 Vol.% solids loading could not be 
injected through the capillary, indicating that the critical point was already reached at this 
solid content for this system. 
As expected, the viscosity increases with increasing solids content for feedstocks with space 
holder particles. This was observed for the feedstocks without space holder as well. When 
feedstocks with and without space holder are compared, it becomes obvious that the addition 
of space holder particles decreases the viscosity of the feedstock with the same binder system 
and solids content. The decrease of viscosity observed in bimodal systems when compared to 
systems with monosized particles was already described in the literature [98, 99]. The 
decrease in viscosity may be explained by the decrease of the number of particles near the 
capillary wall, which was observed in previous studies with bimodal systems [98].  
The viscosity values obtained for feedstocks with and without space holder were plotted 
against the solids loading and are shown in Figure 75.  
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Figure 75: Viscosity versus powder content for the feedstocks Fe BS 4 (without space holder) and  
Fe BS 4 SH (with space holder). Measurement parameters: 
.
 = 1000 s-1, T = 150°C. 
 
The difference in viscosity of feedstocks with and without space holder is evident and is more 
pronounced for the feedstocks with more than 60 Vol.% solids loading. 
5.3.4 Effect of component ratio 
The influence of the variation of the binder components ratio was investigated as well. The 
binder system BS 5, which contained 5 Vol.% less amount of the second component Hostalen 
GA 7260 G as compared to the BS 4 system, was hereby investigated for feedstocks with 
space holder. The results obtained are shown in Figure 76. 
 
 
 
 
 
 
 
 
 
Figure 76: Corrected shear viscosity versus corrected shear rate. (A) Feedstock Fe BS 5 SH (B) 
Comparison of feedstocks Fe BS 5 SH and Fe BS 4 SH with 60 and 68 Vol.% solids loading. Temperature 
of the measurements: 150°C. 
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The viscosity of the feedstock Fe BS 5 SH could be measured with the capillary viscometer 
up to 72 Vol.% solids loading, as seen in Figure 76 A. The feedstock with 75 Vol.% solids 
loading could not be injected through the capillary, indicating that the critical point was 
already reached at this solid content for this system. The decrease of 5 Vol.% in the Hostalen 
content seem to have contributed to an increase in the maximal solids loading of the 
feedstock, as compared to the system BS 4. 
As expected, the viscosity increases with increasing solids content for the system BS 5 as 
well. If the feedstocks with the systems BS 4 and BS 5 with the same solids content are 
compared (Figure 76 B), similar curves are obtained and no significant difference between the 
feedstocks could be noticed. Only at around 4000 s-1 shear rate, the feedstocks with the 
system BS 5 show a relative lower viscosity as compared to the feedstocks with the system 
BS 4. 
5.3.5 Determination of the optimal solids loading 
In the literature, tap density, feedstock density and mixing torque measurements are suggested 
as methods for the determination of the optimal solids loading for a feedstock. Measurements 
with these methods were additionally conducted to support and evaluate the results of 
capillary viscosimetry.  
The measurements were performed with Fe22Cr powder, for comparison purposes with the 
capillary measurements. 
 
Tap density 
 
The tap density of the materials was investigated and the density of feedstocks was measured 
in order to assist the determination of suitable binder contents for the feedstocks investigated. 
The tap density of the investigated materials and the percentage of empty spaces in between 
the particles are shown in Table 23, calculated after formula 24.  
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Table 22: Tap density as percentage of the theoretical density and empty spaces for Fe22Cr powder and 
its mixture with NaCl particles. 
Material 
Tap density -% of the 
theoretical density 
Empty spaces (Vol. %) 
Fe22Cr powder 59 41 
50 Vol.% Fe22Cr powder + 
50 Vol.% NaCl 
71 29 
 
The tap density of the mixture of Fe22Cr powder and NaCl particles is higher than in the case 
of the metal powder alone. This is already expected, as powder and space holder form a 
bimodal particle distribution, where the smaller particles pack in between the larger ones. 
Monodispersed systems like the Fe22Cr powder alone always pack to lower densities than 
bidispersed ones. 
Considering that probably the particles do not pack to the highest density possible during the 
tapping process and there are less empty spaces in reality than the result measured after the 
method, the optimal solids loading is probably more than 59 Vol.% for the Fe22Cr powder 
alone and more than 71 Vol.% for the feedstock with space holder particles after this method.  
The results achieved show that the tap density measurement gives only a first approximation 
of the optimal solids loading. With the capillary measurements, the maximal solids loading 
which could be reached was 64 Vol.% powder for the feedstocks with the systems BS 3 and 
BS 4. For the feedstocks with space holder, the maximal solids loading reached was 68 Vol.% 
for the feedstock Fe BS 4 SH and 72 Vol.% for the feedstock Fe BS 5 SH. Capillary 
viscosimetry results are more adequate for determination of the optimum solids loading due to 
similarity to the injection moulding process already in the measuring principle. The injection 
of the feedstock material through the capillary is similar to the injection of the feedstock 
through the injection unit nozzle.  
 
Density of feedstocks 
 
The density of the feedstocks was measured for the feedstocks without space holder particles 
with the Archimedes method with various solids contents. For this study, the feedstock Fe BS 
3 with various solids loadings was investigated and the results are shown in Figure 77. 
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Figure 77: Density of feedstocks versus powder content. (n=3) The theoretical density of the mixture 
(calculated by the rule of mixture) is shown by the dashed line. 
 
It seems that feedstock density always deviate from the theoretical density for all powder 
contents investigated. This is not expected from what is described in the literature (Figure 19). 
It seems that either voids are always present between binder and powder particles in the 
feedstock or the density values of the starting materials supplied by the producers are not 
accurate. Another possibility is that some of the powder particles are hollow spheres. 
Nevertheless, from the results obtained it is possible to see that there is a tendency of increase 
of the feedstock density up to 64 Vol.%, what is in accordance to the rule of mixture. The 
feedstock with 68 Vol.% powder shows approximately the same density than the 64 Vol.% 
and the tendency of density increase is not present anymore. This is probably an indication 
that at 68 Vol.%, the critical solids loading has already been reached for the feedstock 
investigated, which is in agreement with capillary measurements. 
 
Torque measurements 
 
Torque measurements were performed with the feedstock Fe BS 3 as well. The torque values 
at different solids loadings and the respective deviations were plotted and are shown in Figure 
78. 
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Figure 78: Mixing torque versus powder content for the feedstock Fe BS 3. Measurement temperature: 
150°C. 
 
As expected, the mixing torque increases with increasing solids content. Although the values 
obtained deviate more from an average value as the solids content increase (shown by the 
error bars in the curve), it was not clear where this deviation could be considered so 
significant so that the critical point of the mixture was reached. The solids loading inside the 
torque rheometer could be raised to the theoretical value for monosized spheres (74%) and 
even over that value, up to 77 Vol.%. It seems that the equipment is able to deliver torque 
values even when the critical solids has been clearly exceeded. The method seems to be not 
sensitive enough for the determination of the critical solids loading. Moreover, the method is 
laborious and great amounts of powder have to be dispensed for the measurement. 
 
The optimal solids loading 
 
All methods for determining the optimal binder amount of a feedstock have their limitations 
and deficiencies. Nevertheless, it is possible to evaluate the methods investigated by 
comparing the results obtained and the effort which each method required.  
Torque measurements did not deliver reasonable results and is the most laborious among the 
methods investigated. It is therefore not advisable in the future further experiments with the 
equipment for the purpose of determining the optimal solids loading. 
Although density measurements on feedstocks is a simple method, the results obtained are in 
disagreement with descriptions in the literature, considering that the theoretical density was 
never achieved, even for the feedstock with very low solids loading (50 Vol.%). Density 
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measurements may be advisable as an additional information about the material investigated 
and if associated to a more efficient method. 
It seems that the tap density is a good starting point for predicting the optimal solids loading 
of a feedstock, but additional measurements of the flowing ability of the feedstock are 
advisable due to the fact that it does not take into account powder-binder interaction during 
flow, which could be different for different binder systems. One example is the maximal 
solids loading of 68 Vol.% for Fe BS 4 SH and 72 Vol.% for Fe BS 5 SH. Only a 5 Vol.% 
lower amount of the binder component Hostalen led to an increase of the maximal solids 
loading, which was detected by capillary measurement and would not be detected by a simple 
tap density measurement. 
Capillary measurements seem to deliver the most promising results for the determination of 
the optimal solids loading. In contrast to tap density, feedstock density or torque 
measurements, capillary measurements predict the flowing behaviour of the feedstock when 
pressed through a capillary, which is analogous to the injecting of the feedstock through the 
nozzle into the mould. The method has though its limitations, as the force reached by the 
pistons in the capillary viscometer (20 kN for both pistons) is much lower than the force 
reached by the injection units in the MIM machine (100 kN for each injection unit). It is 
therefore expected that the feedstocks which could be pressed through the capillaries of the 
viscometer will be injected in the MIM machine without problems. 
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5.4 Transfer of optimised binder system to Ti powder 
After investigating the flowing behaviour of Fe22Cr feedstocks at various solids contents and 
determining the optimal solids loadings for the most promising feedstocks, the results were 
transferred to titanium powder. The comparison of the tap density of both powders with and 
without space holder particles is shown in Table 23, calculated after Formula 24. 
 
Table 23: Tap density as percentage of theoretical density  and empty spaces for Fe22Cr and Ti powder 
and its respective mixtures with NaCl particles. 
Material 
Tap density -% of the 
theoretical density 
Empty spaces 
(Vol. %) 
Fe22Cr powder 59 41 
Ti powder 65 35 
50 Vol.% Fe22Cr powder + 
50 Vol.% NaCl 
71 29 
50 Vol.% Ti powder + 
50 Vol.% NaCl 
73 27 
 
The tap density of the Fe22Cr powder material is lower than that of the Ti powder. This is 
valid for the mixtures of these powders with NaCl particles as well. Although the particle size 
distribution of both Fe22Cr and Ti powders are in a similar range, the particle size distribution 
of the titanium powder is more advantageous regarding packing density as the Fe22Cr powder 
(Table 9). The Fe22Cr powder was fractioned in the range 22-53 m, so that particles smaller 
than 22 m are not present. The Ti powder, on the other hand, was fractioned as < 45 m, so 
that the small particles fill in the voids between the larger particles and increase therefore the 
packing density. It is therefore expected that a transfer of the results to titanium powder does 
not bring complications. A Fe22Cr feedstock which could be injected through the capillary is 
expected to be injected with titanium powder without problems, due to the lower demand on 
binder of the titanium powder when compared to Fe22Cr powder. 
In this way, the titanium feedstocks Ti BS 4, Ti BS 4 SH and Ti BS 5 SH with respectively 
64, 68 and 72 Vol.% solids loading, which were the solids loadings chosen in the previous 
section for Fe22Cr powder, were produced with titanium powder. 
The feedstocks were afterwards warm pressed, debinded, desalinated and sintered. The 
sintering shrinkage of the samples was recorded (n=3). The samples of the feedstock Ti BS 4 
shrink 11,2% in average, whereas the shrinkage for Ti BS 4 SH and Ti BS 5 SH are 17,4 % 
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and 11,4 % in average. Among the samples with space holder, the samples with the feedstock 
Ti BS 4 SH shrink much more than the samples with the feedstock Ti BS 5 SH. This is 
already expected, due to the higher binder amount in Ti BS 4 SH than in Ti BS 5 SH. Pictures 
of the sintered samples are shown in Figure 79, where even a slight deformation of the 
cylindrical shape of the sample Ti BS 4 SH is seen. The deformation is probably due to the 
high content of binder in this feedstock. 
 
 
 
 
 
 
 
 
 
Figure 79: Picture of sintered samples. (A) Feedstock without space holder: Ti BS 4. (B) Feedstocks with 
space holder: Ti BS 4 SH and Ti BS 5 SH. Sintering parameters: 1300°C, 3 h, vacuum. 
 
In order to be selected for further tests with the 2-C-MIM machine, it is important that the 
sintering shrinkage of the feedstocks with and without space holder are similar. Due to the 
more similarity in sintering shrinkage and due to the shape loss of Ti BS 4 SH samples, the 
feedstocks Ti BS 4 and Ti BS 5 SH were selected for tests with the 2-C-MIM machine with 
the spinal implant mould. 
5.4.1 Effect of temperature on selected Ti feedstocks 
The optimal temperature is described in the literature to be specific for each binder system 
and powder mixture. The temperature of the feedstocks was varied in order to investigate its 
effect on flowing behaviour and to optimise the working temperature for experiments with the 
MIM machine.  
From the starting point of the primary working temperature selected (150°C), an attempt was 
made to gradually decrease the temperature. The injection temperature should be high enough 
to promote feedstock flow, but it is always desirable not to work at higher temperatures than 
necessary, in order to avoid unnecessary binder decomposition. The obtained curves are 
shown in Figure 80. 
 
 
(A) 
(B) 
 Ti BS 4 
(64 Vol.% solids content) 
 Ti BS 4 SH 
(68 Vol.% solids content) 
 Ti BS 5 SH 
(72 Vol.% solids content) 
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Figure 80: (A) Ti BS 4 at different temperatures. (B) Ti BS 5 SH at different temperatures. 
 
The measurement with the capillary viscometer could be performed without problems for Ti 
BS 4 until 140°C, but at 135°C the material was already too stiff to be injected. On the other 
hand, measurements with the feedstock Ti BS 5 SH could be performed up to 130°C. At 
125°C, the material was already too stiff and did not flow out of the capillary. The difference 
in lowest injection temperature between the feedstocks lays on the different systems 
investigated. Feedstocks with and without space holder particles have different flowing 
behaviours and different demands on binder amount, as discussed in the last sections. The 
lower Hostalen content of the binder system BS 5 may also influence the different lowest 
flowing temperatures of the feedstocks.  
A slight difference in viscosity exists in the temperature range investigated for both 
feedstocks, but it seems to be almost negligible, especially at higher shear rates. 
Due to the similarity in flowing behaviour of the feedstocks at the temperature ranges 
investigated, the injection temperature of 140°C (for both feedstocks with and without space 
holder) was selected for injection moulding trials. 
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5.5 Fabrication of a titanium spinal implant with gradient in porosity 
5.5.1 2-C-MIM with a fully automated mould 
The titanium feedstocks Ti BS 4 and Ti BS 5 SH with respectively 64 and 72 Vol.% solids 
loading were used for the injection trials with the MIM machine with the spinal implant 
mould.  
The first step was to optimise the parameters for the injection of the feedstock without space 
holder. Feedstock injection was performed at 140°C, which was the temperature selected after 
capillary tests. As injection pressure is a very important parameter in order to produce dense 
parts, maximal injection pressures of 600, 800, 1000 and 1100 bar were investigated. Green 
parts were produced and the green density was measured with the Archimedes method. Figure 
81 shows the green density of the samples as a function of the maximal injection pressure. A 
pressure of 800 bar seems to be enough to obtain the highest green density possible for this 
feedstock.  
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Figure 81: Green density as a function of the maximal injection pressure for the feedstock Ti BS 4. 
 
The same procedure was done for the feedstock with space holder, where the feedstock with 
space holder was injected after the injection of the feedstock without space holder (at 800 bar 
injection pressure). Figure 82 shows the complete injection sequence and some of the 
obtained green parts. The feedstock without space holder was injected through the horizontal 
injection unit, as the feedstock with space holder was injected through the vertical injection 
unit. 
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Figure 82: (A) Injection of the feedstock without space holder. (B) Injection of the feedstock with space 
holder. (C) Final green parts. 
 
The injection pressure of the feedstock with space holder was performed at different maximal 
injection pressures as well. As the density of samples with space holder can not be measured 
with the Archimedes method due to the contact of NaCl to water, only the mass of the 
samples was recorded in this case. The results of the sample mass as a function of the 
maximal injection pressure are shown in Figure 83. It seems that, in this case, a maximal 
pressure of 1000 bar is enough to obtain green parts with high densities. 
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Figure 83: Sample mass as a function of the maximal injection pressure for the feedstock Ti BS 5 SH. 
 
The parameters used for the injection of the feedstocks with and without space holder are 
shown in Table 24. 
  
(A) (B) (C)
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Table 24: Injection parameters used for the injection of the feedstocks Ti BS 4 and Ti BS 5 SH.  
Feedstock charging* Temperature* 
Zone Nozzle Screw 
rotational 
velocity 
(U/min) 
Charging 
volume 
(cm3) 
Decompression 
volume (cm3) 1 (°C) 2 (°C) 3 (°C) 4 (°C) 5 (°C) 
Mould 
(°C) 
5 
6,75 
(4,15) 
0,5 60 120 130 138 140 50 
 
Compression pressure* Injection 
pressure* (bar) 1 (bar) 2 (bar) 3 (bar) 4 (bar) Total compression time (s) 
800 (1000) 800 650 500 100 3,6 
*Number in brackets for the feedstock with space holder. If just one number, value used for both feedstocks. 
 
Although both feedstocks could be injected, it must be pointed out that the injection of the 
feedstock with space holder through the vertical unit was compromised by a construction 
failure, in which the injection unit did not reach the mould and a nozzle extension had to be 
coupled to the unit nozzle. Another problem was that some feedstock came out of the nozzle 
extension after an injection cycle, like in a die swelling process. Die swelling is a common 
phenomenon in polymer processing, where the material swells back to the former shape after 
being compressed through a die. It is directly related to entropy and polymer relaxation within 
the flow stream. It is presumed that the feedstock, which was at the tip of the nozzle, cooled 
down during the cycle and possibly induced injection problems. The cycle was sometimes 
interrupted because injection of the feedstock with space holder was blocked at the runner 
area. 
The samples were debinded, desalinated and sintered at 1200 and 1300°C (3 h, vacuum). 
Samples with injection pressure 800 and 1000 bar of the feedstock with space holder were 
hereby investigated. 
5.5.2 Characterisation of the implants 
One of the sintered samples is shown in Figure 84 as an example. The dense and porous parts 
are evident at the sample surface. The samples where measured with a sliding calliper at the 
locations indicated in the figure.  
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Figure 84: Sintered titanium part produced with feedstocks Ti BS 4 and Ti BS 5 SH with 64 and 72 Vol.% 
solids content, respectively. The arrows indicate the locations where the samples were measured:  
length (L), width (W) and height (H). 
 
The length L, the heights H1 and H2 could be measured without problems. The width W of the 
sample could be measured only with significant error, due to the curvature of the implant at 
this location (Figure 40). In this way, only the height H and the length L were used for the 
calculations. Figure 85 shows the sintering shrinkage of the samples produced at 800 and 
1000 bar maximal injection pressure of the feedstock with space holder. The samples injected 
at 800 bar shrink more than the samples injected at 1000 bar, due to lower green density of the 
samples obtained at 800 bar. The sintering temperature has an influence on the shrinkage as 
well. The samples sintered at 1300°C shrink more than the samples sintered at 1200°C. This 
is already expected, as larger sintering necks are formed at higher temperatures leading to a 
higher densification of the material. 
 
 
 
 
 
 
 
 
 
 
Figure 85: Sintering shrinkage of the samples. The feedstock Ti BS 4 was injected with 800 bar in both 
cases. The feedstock Ti BS 5 SH was injected with maximal injection pressure of 800 bar and 1000 bar. 
The sintering temperature was varied (1200 or 1300°C), other parameters fixed (3 h, vacuum). (n= 3-5) 
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The cross sections of the samples with the maximal injection pressures investigated are shown 
in Figure 86. The samples, for which both feedstocks were injected at 800 bar pressure, 
showed the porous and the dense structures derived from the injection of the feedstocks with 
and without space holder from the different injection units. In the case of the samples where 
the feedstock with space holder was injected at 1000 bar, sample integrity was not preserved, 
as the green part without space holder was broken off during injection of the feedstock with 
space holder. Although only the samples sintered at 1300°C are shown in the figure, the same 
phenomena happened also for the samples sintered at 1200°C. 
 
 
 
 
 
 
 
 
Figure 86: Pictures of the cross-sections of the samples. Feedstock without space holder was injected at 
800 bar, feedstock with space holder  injected at 800 and 1000 bar. Sintering parameters: 1300°C, 3 h, 
vacuum. 
 
The microstructure of the samples was investigated and pictures of the samples were taken at 
the locations indicated in Figure 87. 
 
 
 
 
 
 
 
 
 
 
Figure 87: Pictures of the cross-sections of the samples. Feedstock without space holder was injected at 
800 bar, feedstock with space holder . injected at 800 and 1000 bar. (A), (B) and (C) indicate locations 
where LM pictures were taken. Sintering parameters: 1300°C, 3 h, vacuum.  
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The LM pictures are shown in Table 25. Location (A) seems to be a critical point of 
interconnectivity between dense and porous parts.  
At 800 bar injection pressure, the samples sintered at 1200 and 1300°C show delamination 
between the porous and dense areas. The greatest distance between the porous and the dense 
parts was measured for both sintering temperatures. The sample sintered at 1200°C shows 71 
m delamination, whereas the value for the part sintered at 1300°C is 125 m. The lower 
sintering shrinkage at 1200°C seems to have contributed to a smaller delamination defect. 
At 1000 bar injection pressure, the same defect is seen for the samples sintered at different 
temperatures. The sample sintered at 1200°C shows the lowest delamination distance found 
(57 m), whereas the value for the sample sintered at 1300°C is higher (98 m). Both values 
are lower as compared to the samples injected at 800 bar with the respective sintering 
temperatures. The higher green density of the samples injected at 1000 bar seems to have 
contributed to a minimisation of the delamination defect. 
At location (B), all samples exhibit good interconnectivity between porous and dense areas, 
independent of injection pressure or sintering temperature. 
Location (C) showed relative good interconnectivity between porous and dense areas. Only 
the sample injected at 800 bar and sintered at 1300°C showed a kind of notch at the sample 
surface at the interface area. This probably has occurred due to the higher sintering shrinkage 
at this temperature and the lower green density at 800 bar injection pressure. 
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Table 25: Light microscope pictures of the cross-section of implants. Feedstock without space holder 
always injected at 800 bar. (A), (B) and (C) indicate the locations defined in Figure 87. 
Sintering temperature, 3 hours, atmosphere: vacuum 
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The chemical impurities of one sample injected with 800 bar pressure (both feedstocks) and 
sintered at 1300°C were investigated and the results are shown in Table 26. The carbon level 
is comparable to the levels obtained for the warm pressed samples with space holder with the 
paraffin-based binder systems BS 1, BS 2 and BS 3 (Table 20). On the other hand, the oxygen 
level of the sample increased and is comparable to the level obtained for the sample with 
space holder with the standard binder (SB). This increase in the oxygen level is probably due 
to the addition of stearic acid to the feedstock BS 4 and BS 5, which were used for the 
fabrication of the spinal implant. Increased levels of impurity were already reported in the 
literature when stearic acid was employed [65]. 
 
Table 26: Oxygen and carbon contamination levels of the spinal implant as compared to the starting 
powder. 
Oxygen (wt.%) Carbon (wt.%) 
Increase Increase Sample Starting 
powder 
Sintered 
part Absolute* 
(wt.%) 
Relative
** (-) 
Starting 
powder 
Sintered 
part Absolute 
(wt.%) 
Relative
** (-) 
Spinal implant 0.18 0.34 0.16 1.9 0.01 0.06 0.05 6 
* Absolute increase: contamination of sintered part – contamination of starting powder 
** Relative increase: contamination of sintered part / contamination of starting powder 
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6 Summary and conclusion 
 
The aim of the present work was the development of feedstocks suitable for the net-shape 
production of titanium spinal implants with a gradient in porosity by 2-component-metal 
injection moulding (2-C-MIM). The starting point of the development was a standard binder 
system (SB), which was the state of the art at the institute IEK-1 at Forschungszentrum 
Jülich. This binder system is suitable for the production of porous MIM parts produced with 
NaCl as the space holder material. The SB system is composed of 60 Vol.% amide wax (Wax 
C) and 40 Vol.% polyethylene wax (PE 520). With this binder system, the availability of 2-C-
MIM was confirmed with the techniques investigated, namely the 2-C-sandwich-MIM and the 
2-C-insertion-MIM. Cylindrical samples with a gradient in porosity were produced, but 
injection problems occurred due to binder-powder separation. This phase separation was 
attributed to the very low viscosity of the SB system. Therefore, it was concluded that this 
system was unsuitable for the 2-C-MIM application, especially when the vertical injection 
unit was used. The need for a new binder system for 2-C-MIM became obvious, where 
viscosity control was the key issue. Moreover, it was aspired that the partial debinding 
method of the SB system (wicking) is substituted by another method with industrial 
significance, while maintaining the suitability for the space holder method. 
The SB system and a series of new binder systems (BS 1, BS 2, BS 3) based on paraffin-
polyethylene mixtures were investigated, where the viscosity of the polyethylene materials 
was chosen so that a wide range of binder viscosities could be covered. Two types of 
polyethylene waxes (PE 520 and PE 190) and one polyethylene material (Hostalen GA 7260 
G) were investigated. Due to its higher molecular mass, the Hostalen material is the most 
viscous material investigated. The same ratio of the first to the second component as in the SB 
system (60 / 40 Vol.%) was kept constant for the new binder systems investigated. The partial 
debinding method used for the new systems was solvent debinding, which is an established 
method in industry. During the investigation of the binder systems, the low viscosity of the 
SB system (0.05 Pa·s at 150°C and 100 s-1) was confirmed. The BS 1 system showed a similar 
viscosity value (0.06 Pa·s) to that of the SB system. The BS 2 (1.1 Pa·s) and BS 3 (12.4 Pa·s) 
systems were more viscous than BS 1, being BS 3 the most viscous system. The system BS 3 
was the one with the closest viscosity value to that one proposed in the literature for a suitable 
binder system (10 Pa·s). All samples were investigated at a primary working temperature 
(150°C), which was chosen after DSC measurements. The measurements showed a 
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displacement of melting points in the binder systems as compared to the single components, 
which indicates miscibility of one component in the other. This phenomenon was more 
significant for paraffin-based binders. 
Feedstocks with the different binder systems were prepared with titanium powders at a solids 
loading of 68 Vol.% for the feedstocks without space holder and 75 Vol.% for the feedstocks 
with the space holder particles. Hereby the space holder content was kept constant at 50 
Vol.% of the solids loading. 
Tests with warm pressed titanium samples showed the influence of temperature on solvent 
debinding, which was performed in a n-hexane bath. At 25°C, only around 30 Vol. % of the 
total theoretical binder amount in the feedstock was removed after 48 hours; whereas around 
50 Vol. % is extracted if the process is undertaken at 50°C for the same period of time. The 
expansion of the samples after the first debinding step was recorded. Samples with paraffin-
based binder systems expand more than samples with the SB system, which undergo the 
wicking process. The paraffin-based system BS 3 exhibited the highest expansion among all 
samples. Cracks in the sintered sample were observed in the microstructure of the BS 3 
sample. Nevertheless, the suitability of all systems for the space holder method was 
confirmed. Warm pressed samples with a gradient in porosity were produced with the systems 
SB, BS 1, BS 2 and BS 3. 
Chemical analysis revealed that the binder system employed has influence on mainly carbon 
and oxygen levels of titanium samples. The chemical composition of the binder system itself 
is thought to be responsible for the contamination of the titanium material. For both carbon 
and oxygen, the contamination level is always higher for the samples with the SB system than 
for the paraffin-based systems. This occurs for both materials with or without space holder, as 
brown or sintered part. An improvement of the ASTM level of titanium samples was achieved 
with the use of paraffin-based binder systems, when starting from the same batch of titanium 
powder. In previous works in the institute, only ASTM grade 4 was achieved for samples 
which were produced from this powder with the SB system and NaCl as space holder. By 
using paraffin-based binder systems, porous titanium samples fulfilling ASTM level grade 3 
(<0.35 wt.% oxygen) could be produced. These samples were only 0.02 wt.% above grade 2 
(<0.25 wt.% oxygen). 
After confirming the suitability of the paraffin-based binders for the production of samples 
with a gradient in porosity, the flowing behaviour of the systems was investigated by capillary 
viscosimetry. In this study, Ti powder (< 45 m) was replaced by Fe22Cr powder (22-53 m), 
The similarity in particle size distribution of the powders enabled the material substitution and 
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results comparison. Feedstocks with the low viscous binder systems SB and BS 1 showed 
phase separation followed by clogging of the capillary in the capillary viscometer. Further 
investigations with these systems were hence interrupted. Investigations with the BS 2 system 
showed no phase separation, but the feedstock flowed out of the capillary during the heating 
up phase of the viscometer, before the measurement was started. Therefore, investigations 
with this binder system were discontinued as well. Only the system BS 3, the more viscous 
one, showed satisfactory flowing behaviour during capillary tests. Therefore, the ongoing 
work was focused on this binder system. 
The solids loading of feedstocks with the BS 3 system was further optimised with Fe22Cr 
powder. The viscosity of feedstocks with and without space holder was measured for various 
solids contents with the capillary viscometer. For the feedstock without space holder, the 
maximum solids loading which could be measured was 64 Vol.%, whereas 68 Vol.% was the 
value achieved for the feedstock with space holder particles with the same binder system. 
These values are lower than values used for the titanium feedstocks which were previously 
warm pressed. The reason for this discrepancy lays on the fact that the amount of binder used 
for warm pressing was not sufficient for providing sufficient feedstock flowability for 
capillary measurements with the BS 3 system.  
For further knowledge of feedstock flowing behaviour, the influence of the addition of stearic 
acid was investigated in another binder system BS 4. No significant influence was detected 
for solids loadings lower than 60 Vol.%, but a significant reduction in viscosity was found for 
64 Vol.% powder. No measurement was possible if the solids loading was increased again to 
68 Vol.% powder, indicating that the critical point of the mixture was already reached at this 
point. This was observed for feedstocks with and without stearic acid. Due to significant 
reduction of viscosity near the critical point, the use of stearic acid was seen as advantageous 
in further feedstock formulations. 
The influence of space holder particles on the flowing behaviour of feedstocks was 
investigated as well. Feedstocks were produced with the BS 4 binder system with space 
holder. The space holder particles decrease the viscosity of feedstocks as compared to 
feedstocks without space holder with the same solids loading. The lower viscosity of 
suspensions with bimodal distributions as compared to monodispersed systems was described 
in the literature as well. Due to the decrease on viscosity and the lower demand on binder at 
the same solids content, capillary measurements were possible with up to 68 Vol.% for the 
feedstock with the system BS 4 with space holder. 
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The influence of component ratio on the flowing behaviour was investigated as well. The 
amount of polyethylene material was reduced and feedstocks with space holder with the 
system BS 5 were produced. Hereby 5 Vol.% of polyethylene material was substituted by 
paraffin material (as compared to BS 4 system). No significant reduction of feedstock 
viscosity was noticed, except at high shear rates. Nevertheless, the solids loading of the 
feedstock with the system BS 5 could be further increased to 72 Vol.%, which was preferred 
regarding the dimensional accuracy of sintered samples in further processing steps. 
In addition to capillary measurements, other methods are in the literature for the 
determination of the optimal solids loading, including tap density and torque measurements. 
These methods were tested and compared. Tap density delivered results in accordance to the 
values obtained by capillary tests, but fails to predict maximum solids loading changes when 
different binder systems are investigated. The method does not take into account powder-
binder interaction during flow and the influence of binder viscosity. Torque measurements 
were found to be not advisable for determination of feedstock optimal solids loading, due to 
the great deviation obtained in comparison to other methods and the effort required for the 
measurement. 
Capillary tests with the titanium feedstocks with the binder systems BS 4 (without space 
holder, 64 Vol.% solids loading) and BS 5 (with space holder, 72 Vo.% solids loading) were 
performed in order to optimise the working temperature and select a suitable injecting 
temperature for tests with the MIM machine. Hereby, the preferred injection temperature was 
selected as 140°C. 
Prototypes of a titanium spinal implant could be successfully produced in the 2-C-MIM 
machine with an automated mould. The maximal injection pressure was varied for both 
feedstocks and green parts with 800 and 1000 bar maximal injection pressure of the feedstock 
with space holder were further processed until sintering. Samples were debinded at 50°C for 
48 hours in hexane, desalinated for 48 h in water at 60°C and sintered for 3 h in vacuum at 
1200 and 1300°C. Independent of the sintering temperature, a small delamination remained at 
the interface between porous and dense parts inside the samples. Problems were seen in the 
samples injected at 1000 bar, as green part integrity was not preserved during injection, which 
is probably caused by the construction of the mould. 
The chemical impurities of one prototype of the spinal implant revealed that the carbon level 
is comparable to the levels obtained for the warm pressed samples with space holder with the 
paraffin-based binder systems. On the other hand, the oxygen level of the sample increased 
and is comparable to the level obtained for the sample with space holder with the standard 
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binder (SB). This increase in the oxygen level is probably due to the addition of stearic acid to 
the feedstock BS 4 and BS 5, which were used for the fabrication of the spinal implant. 
Despite the increase in oxygen content, the spinal implants still fulfil ASTM grade 3  
(< 0.35 wt.% oxygen).  
For future works, investigation of other injection parameters than the injection pressure is 
recommended for further improvement of adhesion between dense and porous areas of the 
spinal implants. The injection moulding procedure is an elaborated one, where the influence 
of one parameter on another and on the final part is unique for a specific system. This is 
especially the case for systems where more than one component is involved, as it is the case 
of the 2-C-MIM technique. Additionally to injection parameters, finer tuning of feedstock 
solids loading may contribute to better adhesion between dense and porous parts in the 
implant, as sintering shrinkage of feedstocks can be varied in this way. Another suggestion for 
improvement of the 2-C-MIM process is the enhancement of mould design. Repositioning of 
the injection channel inside the implant mould used would probably preserve green part 
integrity if high injection pressures are employed. 
The increase of the space holder content remains an open challenge to future works. In this 
work and in previous works at the institute, the maximal space holder content in feedstocks 
which could be injected at the MIM machine was 50 Vol. %. For a closer proximity to the 
spinal implant available in the market, a porosity of 65 Vol. % is desirable to match the 
requirements of the application. Further improvement of the available binder system is 
recommended for the increase of the space holder content in the feedstock. 
Maintaining the open porosity at the surface of the final part is another necessary 
improvement. One suggestion in this direction is the mechanical treatment of green or 
sintered parts in a fluidized bed with abrasive materials in order to remove the outer metal 
layer of the sample. 
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